lO 

CO 

i> 

Q 


AGA.RD-CM06 


rA 

5A 


'A 


•  D 


it 


;:.cr 


'c 


ADVISORY  GROUP  FOR  AEROSPACE  RESEARCH  &  DEVELOPMENT 


.. 


A 


7  RUE  ANOEkLF  92- fcFUILLY 'SDR  SEINE  FRANCE 


AGARD  CONFERENCE  PROCEEDINGS  No.  106 


Handling  Qualities  Criteria 


/  D~D  C> 

7M7ffDr?ns.fflET 


AUG  17  'S72 


m 


Reproduced  by 

NATIONAL  TECHNICAL 


INFORMATION  SERVICE 


Mm 


TflfEi 


NORTH  ATLANTIC  TREATY  ORGANIZATION 

■  -  •  •  v,  - 


\  </i 


DISTRIBUTION  AND  AVAILABILITY 
ON  BACK  COVER 


AGARD-CP-106 


NORTH  ATLANTIC  TREATY  ORGANIZATION 
ADVISORY  GROUP  FOR  AEROSPACE  RESEARCH  AND  DEVELOPMENT 
(ORGANISATION  DU  TRAITE  DE  L’ATLANTIQUE  NORD) 


AGARD  Conference  Proceedings  No.  1 06 
HANDLING  QUALITIES  CRITERIA 


i 


Papers  and  discussion  from  the  AGARD  Flight  Mechanics  Panel  Specialists 
Meeting  held  at  Ottawa,  Canada  on  28  September  -  1  October  1971. 


T 


THE  MISSION  OF  AGARD 


The  mission  of  AGARD  is  to  bring  together  the  leading  personalities  of  the  NATO  nations  in  the  fields  of 
science  and  technology  relating  to  aerospace  for  the  following  purposes: 

-  Exchanging  of  scientific  and  technical  information; 

-  Continuously  stimulating  advances  in  the  aerospace  sciences  relevant  to  strengthening  the  common  defence 
posture; 

-  Improving  the  co-operation  among  member  nations  in  aerospace  research  and  development; 

-  Providing  scientific  and  technical  advice  and  assistance  to  the  North  Atlantic  Military  Committee  in  the 
field  of  aerospace  research  and  development; 

-  Rendering  scientific  and  technical  assistance,  as  requested,  to  other  NATO  bodies  and  to  member  nations 
in  connection  with  research  and  development  proolems  in  the  aerospace  field. 

-  Providing  assistance  to  member  nations  for  the  purpose  of  increasing  their  scientific  and  technical  potential; 

-  Recommending  effective  ways  for  the  member  nations  to  use  their  research  and  development  capabilities 
for  the  common  benefit  of  the  NATO  community. 

The  highest  authority  within  AGARD  is  the  National  Delegates  Board  consisting  of  officially  appointed  senior 
representatives  from  each  Member  Nation.  The  mission  of  AGARD  is  carried  out  through  the  Panels  which  are 
composed  for  experts  appointed  by  the  National  Delegates,  the  Consultant  and  Exchange  Program  and  the  Aerospace 
Applications  Studies  Program.  The  results  of  AGAP.J  work  are  reported  to  the  Member  Nations  and  the  NATO 
Authorities  through  the  AGARD  series  of  publications  of  which  this  is  one. 

Participation  in  AGARD  activities  is  by  invitation  only  and  is  normally  limited  to  citizens  of  the  NATO  nations. 


The  material  in  this  publication  has  been,  in  part,  reproduced 
directly  from  copy  supplied  by  AGARD  or  the  Author. 
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PREPACE 


This  Flight  Mechanics  Panel  Specialists  Meeting  on  Handling  Qualities  Criteria  was  held  to  discuss 
the  current  status,  problems,  activities  and  issues  involved  in  the  development  and  application  of 
handling  qualities  criteria  within  the  NATO  countries.  It  was  structured  with  six  sessions  and  twenty-one 
technical  papers,  with  each  papet  followed  by  a  lead  dlscussor  paper  and  then  general  floor  discussion 
in  order  to  highlight  differences  in  viewpoint:  in  regard  to  the  major  topics.  A  round-table  discussion 
by  Flight  Mechanics  Panel  members  provided  an  overall  summary  and  projection  of  "Where  do  we  go  from 
here?" 


Attendance  was  limited  to  assure  a  small  enough  group  to  foster  lively  discussions.  It  was  carefully 
planned,  however,  to  include  a  wide  cross  section  of  designers,  developers,  acceptance  and  certification 
authorities,  and  test  pilots,  as  well  as  the  technical  experts  and  researchers  in  the  various  specialties, 
who  were  fully  conversant  in  one  or  more  aspects  of  the  subject.  As  hoped,  the  assembly  of  this  inter¬ 
disciplinary  group,  concerned  with  the  research,  development,  specification,  application  and  validation 
of  handling  qualities,  provided  an  excellent  forum  for  the  sharing  of  new  results  and  very  active 
discussions.  These  highlighted  problems  and  identified  areas  in  which  future  work  is  required.  A  tour 
of  the  National  Research  Establishment  facilities  was  Included  in  the  three  and  one-half  days  of  the 
meeting. 


The  first  two  sessions  were  devoted  to  the  status  of  flying  qualities  requirements  and  criteria,  one 
session  for  conventional  aircraft  and  one  for  V/STO'/,.  A  review  of  the  most  recent  U.  S.  and  French  flying 
qualities  requirements  and  the  philosophy  of  the  French  E.S.A.U.,  which  greatly  Influenced  the 
specifications,  plus  papers  on  commercial  flying  quality  standards,  AGARD  4CSA  and  flight  test  validation 
efforts  provided  a  continuous  catalyst  for  discussion  throughout  the  meeting.  The  third  session  reviewed 
the  establishment  of  flying  qualities  by  use  of  such  techniques  as  analysis  of  current  aircraft, 
simulation  and  analysis,  and  pilot  opinion  ratings.  The  fourth  session  covered  special  problems  and 
Interfaces,  such  as  stall,  post-stall  gyrations,  turbulence,  ride  control  with  flexible  airframes  and 
Influence  of  modern  flight  control  systems.  The  fifth  session  provided  a  forum  for  discussions  of  man- 
machine  relationships  and  glimpses  of  research  underway  in  this  important  area.  The  subjective  nature  of 
pilot  opinion  ratings  and  the  role  of  the  pilot  as  the  ultimate  judge  of  the  adequacy  of  flying  qualities 
was  a  source  of  considerable  discussion.  The  sixth  session  provided  insight  into  the  more  general  flying 
qualities  research  underway  within  NASA  and  the  U.  S.  Navy. 


Very  active  discussions  throughout  the  meeting  brought  out  many  facets  of  each  issue  and  often  had 
to  be  concluded  because  of  time  limitations,  despite  the  desire  of  many  participants  to  contribute  to  the 
discussions.  Over  one  hundred  twenty  comments  were  recorded  during  the  meeting  and  are  testimony  to  the 
very  active  discussions  :hat  took  place.  The  need  for  clarification  of  such  basic  terms  as  criteria  and 
specification  and  the  application  of  handling  qualities  requirements  signaled  the  importance  of  improving 
communications  and  exchanging  research  and  development  information  in  this  area.  It  was  evident  that  the 
meeting  made  an  excellent  contribution  in  this  direction. 


While  coverage  of  the  subject  was  as  complete  as  practical  within  the  time  available,  the  meeting’s 
scope  did  not  permit  covering  a  numtrr  ol  ?reas  of  importance.  The  affect  of  flying  qualities  on  accom¬ 
plishment  of  military  functions  such  as  weapon  delivery,  fighter  combat,  and  air-to-air  refueling  and 
Impact  of  the  technical  development  of  new  flight  control  systems  and  pilot  displays  had  to  be  reserved 
for  a  future  discussion. 


The  round-table  discussion  at  the  end  of  the  meeting  summarized  key  issues  brought  out  in  the  meeting 
and  highlighted  the  useful  role  that  AGARD  can  play  in  standardizing  many  of  the  important  models  used  in 
tha  analysis  and  simulation  of  handling  qualities,  sharing  results  of  mutual  interest,  identifying 
important  issues,  and  validating  criteria  by  means  of  flight  tests. 


I  would  like  to  thank  all  of  those  that  have  contributed  to  the  success  of  the  meeting: 


-  The  National  Aeronautical  Establishment  for  its  fine  hospitality 

-  Mr.  Wasicko  for  his  help  in  assuring  the  arrangements 


The  Panel  Members  who  assisted  in  arranging  speakers  from  the  participating  countries 


-  Messrs.  Westbrook  and  Carlson  of  the  USAF,  .»ho  assisted  me  in  the  preparation  of  the 
program. 


WILLIAM  E.  LAMAR 
Member , 

Flight  Mechanics  Panel 
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COMPARISON  OF  FRENCH  AND  UNITED  STATES  FLYING  QUALITIES  REQUIREMENTS 

Jean-Claude  Wanner 
Service  Technique  Aeronautique 
Paris  XV  France 

John  N.  Carlson 
Aeronautical  Systems  Division 
HPAFB,  Ohio  45433,  USA 


SUMMARY 

This  comparison  of  flying  qualities  requirements  shows  that  the  two  sets  of  criteria  are  basically 
the  same  in  intent  and  goals.  Requirements  for  new  aircraft  must  be  more  sophisticated  because  the 
aircraft  are  more  complex.  Requirements  have  been  added  to  account  for  equipment  failures,  the  way 
the  aircraft  are  to  be  used,  where  they  are  to  be  used,  and  how  well  they  must  fly.  All  of  these  items 
are  included  in  the  two  specifications,  E.S.A.U.  and  Mil-F-8785B.  The  use  of  probability  is  a  signifi¬ 
cant  change  from  previous  criteria,  and  it  is  used  with  equipment  failures  in  both  specifications. 


The  technical  requirements  that  a  new  airplane  must  meet  are  more  and  more  difficult  to  apply  to 
modem  airplanes  for  the  following  reasons: 

The  classic  technical  requirements,  generally  based  on  established  experience,  make  a  priori 
assumptions  on  the  configuration,  the  technology,  and  the  use  of  the  airplane  or  on  the  reliability 
of  its  systems.  Consequently,  the  cases  assumed  to  be  critical  for  which  the  requirements  must  be 
applied  are  not  always  the  really  critical  ones  experienced  in  operational  use. 

The  requirements  are  often  rules  of  thumb.  In  other  words,  they  are  only  methods  to  insure  the 
safety  in  particular  cases,  but  <he  involved  elementary  objectives  of  safety  are  not  mentioned.  To 
prescribe  a  rule  of  thumb,  even  if  it  is  well  justified  by  the  established  experience,  may  be  dangerous 
for  two  reasons.  It  risks  stopping  the  evolution  of  the  technique  and  does  not  insure  the  safety  in 
every  case  (for  instance,  a  change  of  configuration  or  technology  may  make  a  rule  of  thumb  useless  or 
even  dangerous). 

The  simple  handling  qualities  requirements  become  more  and  more  null  and  void  due  to  the  complexity 
of  modern  aircraft  with  their  flight  envelopes  in  altitude  and  speed  and  with  the  increasing  importance 
of  the  capability  to  take-off  and  land  with  bad  visibility. 

This  situation  appeared  critical  on  the  European  side  when  we  had  to  specify  the  handling  qualities 
and  performance  standards  for  Concorde.  The  general  purpose  of  requirements  is  not  exactly  the  same 
for  civil  and  military  airplanes,  but  the  problem  of  elaboration  of  requirements  is  equivalent.  After 
hard,  long,  slow  work  and  the  publication  of  a  great  number  of  working  papers,  preliminary  drafts, 
drafts,  approved  text,  and  revised  text,  a  handling  qualities  specification,  approved  by  the  manufacturers 
and  the  Franco  British  airworthiness  authorities,  was  published  in  July  69  and  called  TSS-5,  Issue  2. 

The  requirements  are  based  on  new  principles  which  were  elaborated  at  this  occasion.  These  principles, 
known  for  a  moment  as  "Philosophy  of  TSS-5",  are  very  general  and  applicable  to  every  type  of  piloted 
airplane;  the  TSS  Standard  5  is  only  an  application  of  this  philosophy  to  supersonic  transports.  These 
principles  have  been  given  in  their  generality  in  a  paper  called  E.S.A.U.  which  means  "Etude  de  la 
Securite  des  Aeronefs  en  Utilisation";  in  other  words.  Investigation  for  Safety  of  Aiicraft  in  Service, 
and  which  may  *-e  translated  by  I.S.A.A.C.S.  for  "Investigation  for  Safety  of  Aircraft  and  Crews  in 
Service". 

In  this  title,  the  words  "in  Service"  are  very  important.  They  mean  that  it  is  fundamental  to 
consider  the  way  of  use,  in  other  words,  the  mission  of  the  aircraft.  It  is  evident  that  the  require¬ 
ments  for  take-off  must  not  be  identical  for  a  supersonic  heavy  bomber  and  for  a  VTOL  fighter.  This 
is  also  true,  but  not  so  evident,  for  a  supersonic  bomber  and  a  supersonic  transport.  Indeed,  the 
objective  of  the  requirements  shall  be  the  same,  i.e.,  "to  assure  that  no  limitations  on  flight  safety 
will  result  from  deficiencies  in  flying  qualities  during  take-off";  but  since  the  missions  are  different, 
the  requirements  may  be  different. 

E.S.A.U.  put  this  idea  into  evidence  to  show  that  differences  between  transport  aiTplanes  were  not 
only  a  question  of  weight  and  number  of  engines  but  also  to  show  the  need  to  adapt  the  requirements 
to  the  specific  mission  of  supersonic  transport.  In  the  new  military  specification  of  the  US  Air  Force 
which  was  written  for  every  type  of  aircraft,  it  was  also  necessary  to  use  this  basic  idea. 

The  objectives  of  the  French  and  US  specifications  are  similar,  but  there  is  a  significant  difference. 
It  has  been  stated  previously  that  the  French  objective  is  to  assure  that  there  will  be  no  limitations 
on  flight  safety  due  to  deficiencies  in  flying  qualities.  The  US  objective  is  to  assure  that  there  will 
be  no  limitations  on  flight  safety  or  mission  effectiveness  due  to  deficiencies  in  flying  qualities. 

The  addition  of  the  words  "mission  effectiveness"  is  the  major  difference  between  the  two  specifications 
and  the  requirements  in  them.  There  is  a  need  to  specify,  in  as  many  cases  as  possible,  what  is  meant 
by  mission  effectiveness.  The  numerical  values  placed  on  the  flying  qualities  parameters  are  done  to 
assure  a  mission  effective  airplane. 

Specifications  are  also  intended  to  be  used  before  the  airplane  is  delivered  for  flight  testing. 

The  specification  should  be  used  for  design  requirements  and  as  criteria  during  the  stability  and 
control  development  which  includes  analytical  work,  wi..d  tunnel  results,  and  simulations.  The  US 
specification  was  prepared  to  be  adaptable  to  this  multiple  use  idea.  All  the  requirements  were  to 


specification.  Mil-F-8785B  has  now  been  in  use  for  two  years  and  has  already  undergone  one 
ir>Vthe°US,  1_F'878SB  1S  entirely  a  military  specification  and  is  not  used  by  the  civil  authorities 


Now  to  return  to  the  thought  of  safety  and  mission  effectiveness. 

For  nearly  all  connercial  airplanes,  the  mission  is  the  sane  whether  it  is  to  carry  a  man  and  his 
wife  on  a  sightseeing  trip  around  Ottawa  on  a  pleasant  afternoon,  taking  off  and  landing  at  the  same 
airport,  or  flying  a  rock  group  from  a  TV  appearance  in  Paris  one  day  to  a  TV  appearance  in  New  York 
the  next.  The  mission  is  the  same  -  take  people  from  take-off  to  landing  safely.  In  this  cise,  safety 
and  mission  success  are  the  some  thing.  If  the  passengers  arrive  safely  at  their  destination,  the 
mission  is  a  success.  Perhaps  there  should  be  something  mentioned  about  on-time  arrival  being  related 
to  mission  success,  but  that  will  not  be  discussed  here.  Generally,  this  type  of  flying  involves 
i.-'all  excursions  of  load  factor  near  the  load  factor  of  one. 

The  military  situation  is  different.  There  is  a  definite  difference  between  mission  success  and 
safety.  There  are  military  missions  that  are  the  same  as  the  mission  of  the  commercial  airplane  and 
involve  moving  people  from  one  place  to  another  where  safety  and  mission  effectiveness  are  the  same. 
Most  military  missions  are  different.  For  combat  aircraft,  such  as  fighters  and  bombers,  mission 
effectiveness  and  safety  are  not  the  same.  The  airplane  may  have  returned  to  its  base  with  complete 
safety;  but  if  it  did  not  hit  the  tsrget  or  did  not  destroy  the  enemy  aircraft  or  causa  it  to  turn 
back,  the  mission  effectiveness  was  zero.  Similarly,  if  the  airplane  destroyed  the  target  or  the 
enemy  aircraft,  it  had  a  very  high  mission  effectiveness  even  if  it  did  not  return  from  the  mission 
and  did  not  sn+iify  the  desire  for  safety.  The  goal  is  to  be  successful  for  both  safety  and  effective¬ 
ness.  Even  the  military  airplane  mentioned  previously  which  carried  people  may  have  a  mission  which 
must  consider  this  difference.  This  same  airplane  may  be  required  to  make  an  aerial  delivery  of  cargo, 
be  used  as  a  gunship,  or  modified  for  some  other  combat  mission. 

Because  of  the  necessity  to  consider  mission  success,  it  was  necessary  to  prepare  requirements 
that  included  all  the  various  missions.  The  task  was  too  complex  to  have  a  different  requirement  for 
each  and  every  mission.  It  was  possible  to  group  several  basic  missions  together  in  order  to  have  a 
classification  of  aircraft  of  related  or  sufficiently  similar  missions  that  requirements  could  bo 
applied  to  this  class.  For  M11-F-878SB,  four  different  classifications  or  .Toups  were  made  and 
designated  as  Classes  I,  II,  III,  and  IV.  The  classes  are  basod  not  only  on  the  intended  use  of  the 
aircraft,  'jut  on  size,  weight,  and  maneuverability  as  well.  Weight  and  maneuverability  are  used  to 
doftno  tho  four  classes.  Class  I  airplanes  are  small  and  light,  generally  12,000  pounds  or  less. 

Class  II  a.irplanos  aro  medium  weight  with  low  to  medium  maneuverability.  Class  III  likewise  ere  low 
to  medium  nanouvcrability  but  are  heavy.  Class  aircraft  are  the  high  maneuverability  airplnnei. 

If  the  classification  hod  been  done  by  weight  alone,  then  low,  medium,  and  high  maneuverability 
airplanes  would  have  the  same  requirements  and  since  their  missions  are  usually  quite  different, 
the  classes/groups  would  not  make  much  sense.  In  such  a  case,  both  a  fighter  and  a  short  range  cargo 
plane  would  have  to  meet  the  same  requirements. 


Even  when  the  general  purpose  or  class  of  the  airplane  has  been  established,  it  is  necessary  to  look 
at  the  mission  and  Its  parts.  The  type  of  aircraft  gives  only  a  genera]  idea  of  its  use,  But  it  is 
evident  that  it  Is  necessary  to  look  at  the  mission  with  many  more  details  to  specify  the  requirements. 

We  divide  the  flight  into  a  certain  number  o',  carts  v*i  call  Phases. 

A  Phase  has  a  general  purpose.  For  instance,  the  Phase  "climb"  has  the  following  purpose.  From 
the  height  of  fifty  feet  after  take-off,  fly  the  aircraft  until  reaching  the  altitude  of  cruise, 
following  a  given  ground  pattern.  Generally  a  Phase  is  still  too  complex  and  may  Include  too 
many  different  maneuvers.  So  it  is  necessary  to  divide  each  Phase  into  a  certain  number  of 
elementary  parts  called  Sub-Phases.  A  Sub-Phase  has  one  elementary  purpose.  For  instance,  during 
the  Phase  "ILS  approach",  we  can  look  at  the  Sub-Phase  "final  descent",  the  elementary  purpose 
of  this  Sub-Phase  being: 

Using  iLS,  fly  the  airplane  in  descent,  until  reaching  three  hundred  feet  in  a  good  position  to 
make  a  visual  landing.  We  have  to  notice  that  the  objective  of  each  Sub-Phase  is  given  with 
tolerances  taking  into  account  the  possibility  of  performing  the  next  Sub-Phase,  For  instance, 
we  may  divide  the  ILS  approach  phase  in  four  Sub-Phases  which  are: 

Sub-Phase  1.  Search  o?  the  localizer. 

The  purpose  of  this  Sub-Phase  is  to  reach  the  vertical  plane  of  the  .ocalizer  at  the  height  of 
one  thousand  and  five  hundred  feet  with  good  heading.  It  is  evident  that  there  are  tolerances 
in  position,  altitude,  and  heading.  , 

Sub-Phase  2.  Waiting  the  glide. 

Hie  purpose  of  this  Sub-Phase  is  to  reach  the  glide  plane  at  the  height  of  one  thousand  and  five 
hundred  feev  with  the  good  heading. 

Sub-Phase  3.  Push  over. 

The  purpose  of  this  Sub-Phase  is  to  place  the  airplane  in  good  position  and  attitude  to  begin  the 
descent . 

And  last,  Sub-Phase  4.  Final  descent. 

We  have  already  seen  the  purpose  of  this  Sub-Phase.  Place  the  aircraft  in  good  position  at  three 
hundred  feet  to  make  a  visual  landing. 
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The  handling  qualities  required  in  order  to  perform  each  Phase  and  Sub-Phase  at;  not  exactly  the 
same.  For  instance,  high  stability  is  more  favorable  for  the  approach  phase  than  for  the  transonic 
acceleration  phase. 

This  division  into  Flight  Phases  is  necessary  when  building  new  requirements  to  be  sure  not  to 
forget  some  important  criteria  to  be  checked  in  order  to  assure  that  the  airplane  is  able  to  perform 
the  total  flight. 

In  Mil-F-876SB,  there  is  also  the  need  to  look  8t  the  mission  in  its  component  parts.  This  mission 
itself  is  much  too  large  to  have  a  given  set  of  stability  or  maneuverability  requirements  apply  at  all 
times  with  any  vali  '.ity.  For  this  reason,  the  mission  has  been  broken  down  into  components  which  are 
called  Flight  Phases.  As  with  the  French  requirements,  each  Flight  Phase  has  a  general  purpose.  The 
purpose  is  usually  obvious  from  the  name  of  the  Flight  Phase.  For  example,  take-off,  climb,  air-to-air 
combat,  descent,  land,  etc.  The  name  of  the  Flight  Phase  is  descriptive  enough  without  requiring  further 
definition. 

Because  of  the  need  to  consider  mission  success  and  to  have  criteria  that  will  tell  the  designer 
what  flying  qualities  must  be  provided,  most  of  the  requirements  in  Mil-F-8785B  are  quantitative.  The 
task  of  providing  quantitative  requirements  for  each  different  Flight  Phase  was  very  difficult.  To 
further  separate  the  Flight  Phase  into  more  precise  Sub-Phases,  each  with  its  set  of  quantitative 
requirements,  won’.'  make  the  job  of  writing  and  keeping  a  listing  of  all  requirements  terribly  difficult 
and  would  result  ,...  an  intricate  and  unwieldy  set  of  criteria.  In  addition,  there  were  not  enough  data 
to  3llow  the  preparation  of  such  a  set  of  requirements  with  any  feeling  that  it  could  be  justified.  It 
was  even  necessary  to  take  the  complete  list  of  Flight  Phases  and  combine  them  into  a  more  usable 
arrangement . 
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The  various  Flight  Phases  can  be  grouped  according  to  the  type  of  task  that  must  be  accomplished. 

It  was  found  that  in  piloting  evaluations  in  flight  and  in  simu.'Vors,  pilots  can  rate  a  mission  segment 
similar  to  the  Flight  Phase.  The  rating  assigned  will  be  based  on  the  ability  and  need  to  perform 
certain  tasks  of  varying  precision.  It  was  also  found  chat  there  was  a  similarity  of  tasks  in  many 

Flight  Phases  so  that  the  Phases  could  be  grouped.  At.  fi  -st,  all  Phases  were  separated  into  a  terminal 

operation  group  and  a  non-terminal  operation  group.  ,rhen  the  non-terminal  group  was  divided  into  two 
groups  based  on  the  maneuverability  or  precision  required,  '■'his  resulted  in  three  Categories  of  Flight 
Phases,  A,  B,  and  C.  Category  A  Phases  require  high  precis : 0.;  or  rapid  maneuverability  or  both. 

Category  B  Phases  require  gradual  maneuvers  and  not  much  precision  while  Category  C  Phases  are  in  the 
vicinity  of  the  airport  or  base.  These  Category  C  maneuvers  may  have  to  be  very  precise  but  are  usually 
of  small  amplitude  and  are  classified  as  gradual. 

All  the  Flight  Phases  of  an  aircraft  are  listed  and  placed  in  the  proper  category.  It  is  not 

necessary  for  an  airplane  to  have  a  Flight  Phase  in  both  Category  A  and  B,  but  C  is  certainly  always 

required.  Every  portion  of  the  mission  must  be  included  in  a  Flight  Phase  so  that  there  are  no  gaps 
between  Phases. 
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It  is  now  necessary  to  describe  how  well  the  airplane  must  fly  in  the  Categories  and  Flight  Phases. 


Having  given  these  first  definitions  taking  into  account  the  use  of  the  aircraft,  we  can  ask  for 
the  level  of  handling  qualities  we  require. 

It  is  evident  for  purely  mathematical  reasons  that  we  cannot  require  a  level  of  handling  qualities 
so  high  that  the  accident  becomes  strictly  impossible  and  that  we  are  sure  to  perform  every  mission. 

We  ought  to  accept  a  not  zero  probability  of  accident  or  of  failure  of  the  mission. 

The  s  ict ion  of  an  acceptable  value  poses  than  many  philosophical  and  practical  questions.  Let 
us  bear  in  mind  that  any  discussion  of  this  matter  must  be  Telegated  to  the  realm  of  theory,  at  least 
for  the  next  decade,  since  it  is  not  possible  to  determine  the  absolute  value  of  the  probability  P 
of  an  accident. 

On  the  point  of  view  of  civil  transportation,  the  average  passenger  is  directly  concerned  about 
the  probability  of  accident.  He  would  like  it  to  be  as  small  as  possible.  He  may  even  wish  it  were 
absolutely  zero!  From  a  scientific  point  of  view,  we  know  that  such  a  condition  is  unattainable;  but 
we  must  acknowledge  that,  for  psychological  reasons,  it  is  extremely  difficult  for  an  individual  to 
admit  this.  This  attitude  is  one  of  the  stumbling  blocks  which  rust  be  overcome  if  probability  methods 
of  certification  are  to  be  pursued.  To  appreciate  the  importance  of  this,  we  need  rally  imagine  the 
success  of  an  airline  company  which  based  its  advertisements  on  the  slogan  "We  have  ten  times  fewer 
accidents  than  any  other  means  of  transportation"  or  ,rYou  have  less  chance  of  perishing  over  the  Atlantic 
on  our  airplanes  than  while  crossing  the  Place  de  la  Concorde,  Picadilly  Circus,  Times  Square,  or 
Wellington  Street  on  foot".  A  company  cannot  officially  admit  to  the  public  that  a  certain  accident 
rate  is  inevitable,  and,  what  is  even  more  serious,  that  this  accident  rate  is  predictable. 

Thus  in  the  silence  of  the  office  (where  everyone  believes  that  the  probability  of  perishing  within 
the  next  hour  is  zero!),  we  are  led  to  ponder  the  reasons  which  prompt  an  average  passenger  to  uncon¬ 
sciously  accept  a  certain  probability  of  risk.  In  general,  once  the  necessity  of  traveling  has  been 
established,  the  selection  of  a  means  of  transportation  is  made  by  weighing  the  comfort  against  the 
risk  associated  with  each  available  mode.  By  comfort,  we  mean  a  very  general  term  in  which  the  length 
of  the  trip  is  a  factor.  An  increase  in  comfort  can  wake  an  increase  in  risk  acceptable. 

A  rule  can  be  tentatively  accepted  in  order  to  guide  the  certification  authorities  in  the  definition 
of  a  maximum  acceptable  value. 

The  probability  of  accident  for  a  given  aircraft  should  be  the  same  order  of  magnitude  as  it  is  for 
its  competitors.  It  can  be  slightly  greater  if  it  is  acknowledged  that  an  aircraft  provides  greater 
comfort  by  virtue  of  its  speed.  In  any  case,  a  maximum  value  which  may  never  be  exceeded  is  derived 
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from  the  accident  probability  of  aircraft  belonging  to  the  preceding  generation. 

We  have  been  viewing  the  situation  from  the  point  of  view  of  the  average  passenger  who  is  only 
concerned  about  the  probability  that  he  will  perish  during  the  flight.  If  he  is  to  die,  he  does  not 
care  whether  he  does  so  in  the  company  of  50  or  500  people.  In  other  words,  he  does  not  take  the  size 
of  the  aircraft  into  consideration.  Or.  the  other  hand,  for  the  airline  company,  an  accident  proba¬ 
bility  per  flight  represents  a  certain  financial  loss  which  increases  with  the  size  of  aircraft  and 
the  frequency  of  flights. 

The  government  views  the  situation  in  almost  the  same  manner,  since  the  loss  of  human  potential 
per  year  for  a  given  value  of  the  probability  of  accident  is  proportional  to  the  number  of  transported 
passengers. 

And  last,  the  selection  of  the  acceptable  probability  of  failure  of  the  mission  is  governed  by 
similar  reasons.  It  is  a  question  of  efficiency  of  the  system  taking  into  account  the  available 
numbers  of  aircraft  and  pilots,  the  scheduled  number  of  missions,  the  scheduled  duration  of  the  war, 
and  so  on.  A  cost  effectiveness  study  can  theoretically  provide  the  answer.  For  civil  transportation, 
the  only  rule  we  will  use  is  the  following. 

The  accident  probability  of  an  aircraft  should  always  be  less  than  that  of  the  aircraft  of  the 
preceding  generation.  An  increase  in  comfort  brought  about  by  the  introduction  of  a  new  generation 
cannot,  in  any  case,  serve  as  a  justification  for  lowering  safety  standards. 

So  to  assure  that  the  probability  of  accident  or  that  the  probability  of  failure  of  the  mission 
is  reasonably  low,  we  ought  to  require  a  high  level  of  handling  qualities  for  the  flight  cases  highly 

probable;  but  we  may  accept  a  lower  level  of  handling  qualities  for  unusual  flight  cases. 

First,  look  at  the  concept  of  Level  of  handling  qualities. 

A  Level  is  a  relative  value  or  amount  of  goodness  of  a  stability  and  control  or  flying  qualities 
parameter.  It  is  used  to  relate  flying  qualities  to  mission  effectiveness  and  safety.  Three  Levels 
of  flying  qualities  have  been  used  in  the  requirements  of  8785B,  and  they  can  be  directly  compared 
to  pilot  ratings  that  have  been  obtained  in  flying  qualities  experiments.  The  three  Levels  have  been 
defined  in  association  with  the  ability  to  complete  the  missions  for  which  the  airplane  was  designed. 

The  Levels  and  the  pilot  ratings  which  go  with  them  are: 

Level  1  -  Flying  qualities  clearly  adequate  for  the  mission  Flight  Phase.  Pilot  ratings  1  -  3.5. 

Level  2  -  Flying  qualities  adequate  to  do  the  mission  Flight  Phase,  but  with  some  increase  in 

pilot  workload  or  loss  of  mission  effectiveness,  or  both.  Pilot  rating  3.5  -  6.5. 

Level  3  -  Flying  qualities  such  that  the  airplane  can  be  controlled  safely,  but  pilot  workload 
is  excessive  or  mission  effectiveness  is  inadequate,  or  both.  Pilot  rating  6.5  -  9+. 

The  pilot  rating  scale  used  here  is  the  Cooper-Harper  scale. 

It  is  desired  that  Level  1  flying  qualities  be  provided  to  the  pilot  as  often  as  possible,  but  it 
is  realized  that  failures  will  occur  and  that  a  reduced  Level  will  be  experienced.  When  the  reduced 
Levels  occur,  they  must  be  safe  and  will  probably  have  some  impact  on  the  mission.  For  Level  2,  it 
is  intended  that  the  mission  continue  with  a  reduced  chance  of  complete  success  and  with  the  pilot 
working  harder  to  achieve  the  success.  For  Level  3,  it  is  expected  that  there  will  be  little  chance 
of  success,  that  the  mission  will  be  aborted,  and  that  the  pilot  workload  will  be  high.  If  the  airplane 
is  performing  Category  A  Flight  Phases,  they  shall  be  safely  terminated,  and  the  Category  B  and  C  Phases 
shall  be  completed. 

In  as  many  places  as  possible,  the  requirements  have  been  presented  with  three  values  or  Levels. 

In  some  cases,  the  data  are  not  available  to  allow  three  Levels. 

It  is  intended  that  Level  3  represent  an  airplane  that  is  a  minimum  safe  values  airplane.  This 

is  not  always  true  if  only  one  parameter  is  considered  at  a  time.  Level  3  values,  in  some  cases,  were 
increased  over  the  barely  safe  value  to  allow  for  the  degradation  of  several  parameters  at  once.  This 
has  been  done  with  some  hesitation  because  not  enough  is  known  about  flying  with  several  parameters 
at  the  Level  3  value. 

If  the  characteristics  fall  below  the  minimums  for  Level  3,  a  flight  safely  problem  exists  and  the 
return  of  the  aircraft  cannot  be  assured. 

With  this  philosophy  and  organization  of  the  requirements,  it  is  now  necessary  to  present  some 
definitions.  Before  considering  the  probability  of  a  flight  case,  it  is  necessary  to  give  some  defini¬ 
tions  concerning  the  airplane  itself. 

The  controls  may  be  divided  into  two  types: 

controls  we  call  selectors  which  are  the  controls  maintained  in  fixed  position  during  the  Sub-Phass, 

and  main  controls  which  are  the  controls  used  in  the  pilot  loop  during  the  Sub-Phase. 

We  have  to  notice  that  according  to  their  use  during  the  Sub-Phase,  controls  may  be  alternately 
selectors  and  main  controls;  for  instance,  the  pitch  trim  and  the  throttle  are  selectors  during  take-off 
and  main  controls  during  approach. 


A  Selected  Configuration  is  defined  by  the  position  of  the  different  selectors.  For  each  Sub-Phase, 
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there  is  one  Selected  Configuration  01  a  change  of  Selected  Configuration  given  in  the  flight  manual. 

Parallel  to  the  Selected  Configuration,  we  define  the  True  Configuration  which  is  the  result  of  a 
failure  situation  on  a  Selected  Configuration.  We  have  to  note  that  for  each  Sub-Phase,  there  is  only 
one  Selected  Configuration  but  a  set  of  possible  True  Configurations. 

The  State  of  the  Airplane  during  a  Sub-Phase  is  then  given  by: 

a  True  Configuration, 

a  mass  of  the  airplane, 

and  a  given  distribution  of  mass.  Generally  this  mass  distribution  is  given  by  the  longitudinal 
position  of  the  center  of  gravity. 

In  the  Mil  Spec  8785,  we  find  similar  definitions: 

878SB  also  uses  Configuration  and  State  of  the  Airplane.  The  Selected  Configuration  is  defined  by 
the  positions  and  adjustments  of  the  selectors  and  controls  which  do  not  change  during  the  Flight  Phase. 
The  other  controls  that  do  change,  such  as  elevator,  aileron,  etc.,  are  not  included  in  the  Selected 
Configuration.  The  State  of  the  Airplane  is  the  Selected  Configuration  and  the  functional  status  of 
the  equipment  -  the  same  as  the  French  True  Configuration.  In  addition,  weight  and  center  of  gravity 
envelopes  for  each  Flight  Phase  must  be  provided  as  well  as  the  moment  of  inertia  variations.  The 
requirements  apply  to  all  the  conditions  included  in  these  envelopes.  Hence  we  now  have  a  situation 
identical  to  the  French  State  of  the  Airplane. 

We  now  arrive  at  a  point  where  the  two  requirements  are  different.  We  shall  note  here  a  small 
difference  between  the  Mil  Spec  and  H.S.A.U.  In  order  to  define  the  Probability  of  a  State,  E.S.A.U. 
takes  into  account  not  only  the  probability  of  occurrence  of  the  failure  of  the  different  systems  but 
also  the  probability  to  fly  with  the  mass  and  the  position  of  center  of  gravity  given  in  the  definition 
of  the  state.  It  is  only  a  theoretical  subtlety  which  does  not  change  anything  in  practice. 

We  shall  see  now  a  more  important  difference  between  E.S.A.U.  and  the  Mil  Spec. 

In  8785B,  the  required  level  of  handling  qualities  is  connected  with  the  probability  of  the  State 
of  the  Aircraft.  Indeed,  it  would  be  better  to  connect  it  with  not  only  the  state  of  the  airplane  but 
also  with  the  State  of  the  Atmosphere. 

In  E.S.A.U.,  the  State  of  the  Atmosphere  is  defined  by  the  set  of  all  the  characteristic  parameters 
which  can  modify  the  behaviour  of  the  airplane  and  the  behaviour  of  the  crew,  for  instance,  wind,  tempera 
ture,  gusts,  clouds,  rain,  hail,  birds,  and  so  on.  The  investigations  made  on  the  subject  have  shown 
that  after  having  classified  some  factors  like  birds  and  hail  among  the  origins  of  different  failures 
and  consequently  through  their  effect  among  the  different  failure  states,  we  can  reduce  the  set  of 
factors  to  only  seven  which  are: 

Pressure  -  '.emperature  and  humidity  which  act  mainly  on  performance. 

Intensity  of  turbulence  which  can  be  measured  by  the  root  mean  square  of  the  vertical  and  horizontal 
components  of  gust. 

Temperature  gradienc. 

Visibility. 

And  last,  for  the  take-off  and  landing  phases,  the  laws  of  variation  of  wind,  force,  and  direction 
versus  altitude. 

In  a  similar  way,  the  Stats  of  the  Runway  is  defined  by 


its  length  and  width. 


its  mean  slope, 

its  profile,  in  other  words,  the  undulations,  and 

its  coefficient  of  friction. 

It  is  evident  that  these  factors  have  an  influence  on  the  handling  qualities,  and  that  it  is 
necessary,  for  instance,  to  look  at  the  behaviour  of  the  airplane  in  rough  3ir  or  on  icy  runways. 

But  we  have  to  confess  that  for  the  moment,  this  point  of  view  is  purely  theoietical,  and  that, 
in  the  state  of  our  knowledge,  it  is  not  easy  to  build  and  mainly  to  check  these  types  of  new  require¬ 
ments. 

Nevertneless,  everybody  is  working  now  on  the  problem  of  gust  measurements,  turbulence  statistics, 
gust  alleviation  devices,  friction  coefficient  measurements,  take-off  ani  landing  distance  predictions 
on  wet  and  icy  runways,  and  so  on.  All  these  investigations  still  belong  to  the  realm  of  research 
but  will  provide,  in  the  next  few  years,  the  necessary  basis  for  modern  requirements. 

The  military  specification  does  not  try  to  assess  a  probability  of  a  certain  mass,  distribution  of 
the  mass,  or  the  center  of  grrvity.  Khen  the  extremes  of  these  parameters  are  defined  by  the  envelopes, 
a  probability  of  one  is  assumed  for  every  point  enclosed  by  the  envelope.  The  requirements  apply  equally 
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to  all  these  points. 

The  State  of  the  Atmosphere  is  also  accounted  for  in  a  somewhat  different  manner  than  by  E.S.A.U. 

The  level  of  turbulence  in  terms  of  vertical  and  horizontal  gusts  for  which  the  requirements  apply  is 
defined  in  the  specification.  The  particular  requirements  which  must  be  checked  against  turbulence 
have  this  notation  in  the  individual  requirement  paragraphs.  Also  requirements  for  crosswinds,  icy 
runways,  and  other  special  situations  are  noted  in  the  individual  requirements  rather  than  being  applied 
everywhere.  In  other  words,  87858  treats  the  same  problems  as  E.S.A.U.,  but  one  at  a  time,  requirement 
by  requirement,  rather  than  all  at  once.  The  problems  of  the  State  of  the  Runway,  which  are  a  part  of 
E.S.A.U.,  are  not  a  part  of  8785B.  For  our  use  in  the  United  States,  these  are  performance  parameters 
and  are  specified  in  performance  documents. 

An  important  divergence  between  E.S.A.U.  and  Mil  Spec  is  the  concept  of  flight  envelope. 

In  E.S.A.U.,  a  task  is  defined  by: 

a  Sub-Phase,  given  by  its  elementary  objective  with  tolerances,  the  State  of  the  Airplane,  thi 
State  of  the  Atmosphere  Cand  the  State  of  the  Runway,  if  necessary) ,  the  chosen  Flight  Technique  and 
the  Secondary  Work.  By  Secondary  Work  we  mean,  fer  instance,  radio  traffic,  navigation,  reading 
checklist,  and  so  on. 

The  Flight  Technique  is  a  guide  to  help  the  pilot  to  observe  the  limitations  during  the  Sub-Phase, 
for  instance,  maximum  angle  of  attack,  and  to  observe  the  elementary  objective  of  the  Sub-Phase  within 
the  tolerances.  The  Flight  Technique  is  generally  given  in  the  flight  manual  by  relationships  between 
the  different  flight  parameters  used  by  the  pilot  (speed,  altitude,  attitude  angles,  angle  of  attack, 
and  so  on,  if  provided  on  the  instrument  panel) . 

Then  we  define  two  types  of  flight  envelopes. 

First,  the  Authorized  Flight  Envelope,  which,  chosen  by  the  contractor  for  each  set  of  State  of 
the  Airplane,  State  of  the  Atmosphere,  is  the  envelope  where  the  flight,  temporarily  or  permanently 
out  of  the  ground  effect,  is  authorized.  This  envelope  includes  in  the  plane,  altitude-speed,  every 
airpath  followed  on  performing  the  different  tasks  in  relation  to  the  set  State  of  the  Airplane  and 
State  of  the  Atmosphere.  The  set  of  task.'  in  relation  with  a  given  set  State  of  the  Airplane,  State 
of  the  Atmosphere  is  formed,  on  one  hand  ny  the  tasks  of  the  same  Sub-F’:ase  which  differ  by  the  Flight 
Technique  3nd  on  the  other  hand  by  the  tasks  belonging  to  other  Sub-Phases,  but  in  relation  with  the 
same  set  of  states. 

In  service,  the  crew  is  authorized  to  fly  the  airplane  for  a  given  set  State  of  the  Airplane  - 
State  of  the  Atmosphere,  only  in  the  Authorized  Flight  Envelope  related  to  this  set. 

Secondly,  the  Circumscribing  Flight  Envelope  into  which  the  aircraft  may  fly.  The  excursions  into 
this  envelope  can  be  due  to  pilot  errors,  failure,  turbulence,  maneuvers,  and  so  on.  When  the  pilot 
notices  that  he  is  flying  in  this  envelope,  his  first  job  is  to  come  back  to  the  Authorized  Flight 
Envelope.  The  Circumscribing  Flight  Envelope  provides  a  margin  between  normal  flight  conditions  and 
dangerous  flight  conditions,  like  .'♦.all,  compressibility  buffet,  flutter,  structural  limits,  and  so  on. 
The  procuring  activity  shall  define  the  width  of  the  Circumscribing  Envelope  and  shall  check  that  no 
dangerous  phenomena  occur  inside  this  envelope. 

The  following  remarks  can  be  made  about  these  definitions: 

Flight  crews  are  authorized  to  fly  an  aircraft  within  the  Authorized  Envelopes;  however,  this  does 
not  mean  that  they  can  perform  any  maneuvers  they  wish.  They  must  follow  only  the  paths  described  by 
the  selected  Flight  Technique. 

Each  Authorized  Envelope  is  defined  for  a  Selected  Configuration,  a  failure  situation,  a  mass,  a 
CG  location,  and  a  State  of  the  Atmosphere.  Each  time  a  change  is  made  in  one  of  these  parameters,  it 
is  accompanied  by  a  modification  of  the  Authori-cd  Envelope.  To  simplify  mettejs,  the  designer  will, 
when  possible,  define  one  Authorized  Envelope  for  several  States  of  the  Aircraft  and  of  the  Atmosphere. 
For  example,  for  the  Selected  "Cruise"  Configuration,  the  same  Authorized  Envelope  could  be  assigned 
to  all  States  of  the  Aircraft  corresponding  to  a  certain  range  of  masses  and  CG  locations,  as  well  as 
a  certain  number  of  failure  situations.  On  the  other  hand,  in  the  case  of  States  of  the  Atmosphere 
corresponding  to  appreciable  turbulence  and  in  the  case  of  certain  failures,  different  Authorized  Flight 
Envelopes  way  be  defined  (e.g.,  reduction  of  tne  maximum  authorized  speed  under  turbulent  conditions, 
in  case  of  malfunction  in  the  hydraulic  circuit  or  failed  damper). 

If  the  boundary  of  the  Authorized  Envelope  is  likely  to  be  crossed  frequently  enough  to  compromise 
the  safety  (this  could  be  due  to  the  lack  of  a  physical  boundary  or  to  frequent  flights  along  the 
boundary),  and  if  the  definition  of  this  boundary  is  very  complex,  the  crew  will  be  alerted  by  a 
warning  system. 

On  the  other  hand,  measures  must  be  taken  to  prevent  the  crew  from  flying  the  aircraft  outside  the 
new  Authorized  Envelope  as  a  result  of  some  modification  in  the  Selected  Configuration.  In  most  cases, 
it  is  so  easy  to  follow  the  instructions  of  the  flight  manual  (e.g.,  reading  the  checxiist)  that  the 
probability  of  error  remains  at  an  acceptably  low  value.  For  example,  it  would  not  occur  to  any  pilot 
to  accidentally  lower  the  landing  gear  above  the  maximum  authorized  speed.  Nevertheless,  the  certain 
special  cases,  it  may  be  necessary  to  prevent  error  by  the  use  of  an  interdiction  system  which  bars 
variations  in  configuration  outside  of  the  Authorized  Envelope. 

And  last,  wh«n  the  Authorized  Flight  Envelope  corresponding  to  a  given  failure  state  is  narrower 
than  the  Authorized  Flight  Envelope  corresponding  to  the  normal  State  of  the  Aircraft,  the  new  Circum¬ 
scribing  Envelope  must  be  larger  than  the  normal  flight  envelope.  As  a  matter  of  fact,  in  case  of 
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sudden  failure  during  a  flight  at  the  boundary  of  the  normal  Authorized  Envelope,  the  aircraft  is  then, 
nevertheless,  in  a  new  Circumscribing  Flight  Envelope,  in  other  words,  far  enough  from  dangerous 
conditions. 


These  definitions  of  flight  envelopes  are  quite  different  from  the  old  ones.  In  the  previous 
definitions,  the  Authorized  Flight  Envelope  was  defined  by  a  given  margin  between  the  boundary  of  the 
envelope  and  the  dangerous  phenomenon.  For  instance,  the  minimum  approach  speed  was  1.3  tines  the 
stall  speed.  Now  the  manufacturer  defines  the  minimum  approach  speed  ‘V'app,  the  procuring  activity 
defines  the  margin  of  thirty  |  ercent  and  checks  only  that  there  is  no  dangerous  phenomenon  like  stall 
between  x/app  and  'V'app.1.3. 

This  new  approach  to  the  problem  had  two  reasons: 

If  tht  manufacturer  has  no  operational  reason  to  use  the  aircraft  as  near  as  possible  to  the 
dangerous  pi.enomenon,  there  is  no  need  to  increase  the  flight  envelope  to  include  unused  conditions. 
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It  is  more  and  more  difficult  to  give  a  precise  definition  of  a  limit  speed  corresponding  to  a 
given  dangerous  phenomenon.  Everybody  knows,  for  instance,  that  there  is  not  a  precise  stalling 
speed  for  a  delta  wing. 

Let  us  look  now  at  the  definitions  of  the  flight  envelopes  of  the  Mil  Spec. 

It  is  necessary  for  878SB  to  define  in  some  manner  the  limits  of  speed,  altitude,  and  load  factor  in 
which  the  airplane  is  to  perform  and  in  which  specific  flying  qualities  are  required.  It  did  not  make 
sense  to  prepare  precise  requirements  and  have  them  apply  at  all  speeds  or  all  altitudes.  The  precise 
requirements  should  only  apply  at  those  conditions  where  they  are  needed  and  other  values  should  be 
required  at  other  conditions.  This  is  done  with  the  view  of  avoiding  overdesign  and  reducing  costs  and 
complexities  that  occur  from  overdesign.  In  8785B,  the  method  has  been  to  use  flight  envelopes.  The 
boundaries  of  the  envelopes  are  not  to  be  determined  by  flying  qualities  limitations  but  on  how  the 
airplane  is  required  to  be  used. 


Three  different  flight  envelopes  are  required  for  each  Flight  Phase  to  be  used  by  the  airplane.  The 
envelopes  are  Operational,  Service,  and  Permissible.  The  envelopes  are  three  dimensional  using  speed, 
altitude,  and  load  factor.  Usually  they  are  shown  as  two  dimensional  envelopes  of  speed-altitude  and 
speed-load  factor. 

The  boundaries  of  the  Operational  Flight  Envelopes  enclose  the  regions  where  it  is  necessary  for  the 
airplane  to  operate  to  perform  its  design  mission,  and  therefore,  regions  where  it  is  necessary  for  the 
airplane  to  have  good  flying  qualities.  Some  of  the  boundaries  can  only  be  determined  during  detailed 
design  and  should  be  arrived  at  by  discussions  between  the  contractor  and  the  government.  The  design 
conditions  which  describe  the  operational  missions  should  be  inside  this  envelope.  The  Operational 
Flight  Envelope  should  be  as  large  as  possible  to  permit  freedom  of  use  but  not  so  large  as  to  result 
in  significant  penalties  in  cost  and  complexity.  Another  advantage  of  using  the  Operational  Envelope 
is  that  it  shows  the  user  that  if  the  missions  are  changed  after  the  airplane  is  designed  and  flight  is 
now  planned  outside  the  original  Operational  Flight  Envelope,  it  must  not  be  assumed  that  good  flying 
qualities  will  be  assured. 

The  next  larger  envelope  is  the  Service  Flight  Envelope,  and  it  must  always  be  at  least  as  large  as 
the  Operational  Flight  Envelope.  The  Service  Flight  Envelope  is  prepared  considering  that  there  will 
be  occasions  when  it  is  necessary  to  have  flight  outside  the  operational  Flight  Envelope  either  inadver¬ 
tently  or  by  some  changes  in  mission  requirements.  When  this  happens,  there  must  be  some  reduced  level 
of  mission  effectiveness  which  is  sufficient  to  allow  the  plot  to  accomplish  the  Flight  Phase.  The 
requirements  for  the  Service  Envelope  are  less  severe  than  for  the  Operational  Envelope.  The  change  or 
deterioration  of  flying  qualities  is  to  be  gradual  as  the  airplane  leaves  the  Operational  Envelope. 

The  outermost  or  largest  envelope  is  the  Permissible  Flight  Enveione.  and  it  bounds  all  the  regions 
where  flight  is  possible  and  permissible.  This  envelope  estaolishes  the  limits  of  flight  which  should 
not  be  exceeded.  In  some  cases,  the  limits  cannot  be  exceeded,  for  example,  thrust  or  drag  or  control 
power  limits  prevent  the  airplane  from  passing  outside  the  boundaries.  In  other  cases,  the  boundary  is 
a  number  which  the  airplane  is  physically  capable  of  exceeding  but  must  not  to  avoid  structural  damage 
or  loss  of  control,  for  example,  stall  angle  of  attack  or  limit  lo3d  factor. 

The  Operational  Flight  Envelope  boundaries  cannot  be  defined  or  prescribed  by  the  flying  qualities 
specification  since  they  arc  determined,  for  each  Flight  Phase,  by  the  requirements  and  needs  of  the 
missions.  Service  and  Permissible  Flight  Envelope  boundaries  are  functions  of  airplane  capabilities 
rather  than  mission  requirements  and  have  been  defined.  These  boundaries  are  based  on  maximum  speeds, 
stall  speeds,  structural  limit  load  factors,  buffet  speeds  or  load  factors,  and  temperature  of  engine 
limit  speeds. 

Something  must  be  said  about  the  number  of  envelopes  that  o-.-e  prepared  to  satisfy  the  requirement 
of  8785B.  Kith  three  speed-altitude  and  three  speed-load  factor  envelopes  to  be  prepared  for  each 
Flight  Phase  and  other  envelopes  to  account  for  each  possible  loading  of  external  stores  plus  envelopes 
for  different  wing  sweep  position,  moments  of  inertia,  center  of  gravity,  etc.,  it  was  calculated  that 
for  one  airplane  there  could  be  367,427  envelopes.  In  practice,  it  has  been  possible  to  reduce  this 
number  to  somewhere  between  20  and  40  envelopes. 

Khcn  the  envelopes  have  once  bee  <  prepared,  they  provide  very  valuable  information.  They  define 
where  the  airplane  will  be  used.  They  show  where  the  flying  qualities  will  be  best  and  where  they  can 
be  reduced  because  of  lower  frequency  of  operation.  Airframe  and  equipment  designers  can  concentrate 
their  efforts  on  the  more  important  areas  and  can  perform  trade-off  studies  to  get  the  proper  balance 
between  aerodynamic  and  augmented  flying  qualities. 

The  envelopes  do  not  change  due  to  failures.  It  is  intended  that  the  envelope  describe  where  the 
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airplane  must  perform  its  functions  and  even  following  failure,  the  same  task  may  have  to  be  done. 
Therefore,  the  size  of  the  envelope  is  the  same  after  failures  occur. 

The  differences  in  concept  and  application  of  the  use  of  envelopes  between  the  two  specifications 
are  primarily  due  to  the  safety  versus  mission  success  philosophy.  The  Circumscribing  Envelope  of 
E.S.A.U.  is  the  same  as  the  Permissible  Envelope  of  878SB.  The  Authorized  Envelope  has  the  same  use 
as  the  Service  Envelope  of  87858.  The  Operational  Envelope  of  8785B  is  not  used  in  E.S.A.U.,  and  this 
should  be  expected  since  the  requirements  of  E.S.A.U.  are  for  safety.  Mil-F-858SB  looks  for  mission 
success  as  wel 1  as  safety  and  is  a  specification  used  by  the  customer  with  the  mission  to  perform. 
Therefore,  an  Operational  Flight  Envelope  is  necessary  to  define  areas  of  flight  where  the  mission  is 
intended  to  be  flown.  E.S.A.U.  is  a  specification  for  airworthiness  standards  and  an  Operational 
Envelope  is  not  needed.  The  customers,  the  airlines,  should  request  their  own  Operational  Envelopes 
to  be  used  with  the  Authorized  and  Circumscribing  Envelopes  of  E.S.A.U. 

It  is  now  necessary  to  bring  all  these  definitions  and  considerations  together  and  apply  them  in 
the  form  of  requirements  considering  the  level  of  flying  qualities. 

The  general  purpose  of  every  requirement  is  to  improve  the  safety  of  flight  for  civil  aircraft  or 
to  increase  the  probability  of  fulfilling  the  mission  for  military  aircraft. 

The  study  of  incidents  which  may  increase  the  probability  of  accident  or  of  failure  of  the  mission 
shows  that  they  can  be  classed  into  two  categories,  the  incidents  which  could  have  been  avoided  by  a 
modification  of  the  configuration  of  the  aircraft,  of  its  technology  and  of  its  way  of  use,  and  on  the 
other  hand,  the  incidents  which  come  from  the  failure  of  people  or  material  involved  in  guidance  and 
in  traffic  control. 

We  only  have  to  deal  with  incidents  of  the  first  type  which  occur  when  a  factor  which  characterizes 
the  behavior  of  the  airplane  or  of  a  part  of  the  airplane  crosses  over  a  critical  value.  The  origin  of 
these  critical  values  may  be  aerodynamic  (for  instance,  maximum  value  of  the  angle  of  attack),  structural 
(for  instance,  maximum  load  factor,  maximum  rpm  of  the  engines),  thermodynamic  (maximum  fuel  flow  of 
reheat),  and  so  on.  It  is  easy  to  see  that  a  limit  may  be  crossed  over  after  a  set  of  events  which  can 
be  classified  into  three  categories. 

First  type  of  event.  The  pilot  has  at  his  disposal  all  the  controls  necessary  to  maintain  every 
factor  between  limits,  but  the  task  is  too  difficult  to  fulfill  for  a  human  operator,  because,  for 
instance,  the  frequency  of  data  necessary  to  control  the  airplane  is  too  high  because  the  pilot  does 
not  know  the  relative  values  of  the  critical  parameter  and  its  limit.  Consequently,  the  pilot  lets  the 
parameter  cross  over  the  limit.  This  type  of  incident  is  called  a  pilotability  incident. 

It  was  necessary  to  create  a  new  word  in  French  and  in  English,  because  there  is  no  known  word  for 
that  type  of  incident. 

For  the  second  and  the  third  types  of  events,  the  pilot  is  not  involved.  Let  us  look  now  at  the 
second  type.  An  external  perturbation,  a  gust,  for  instance,  or  an  internal  one,  like  a  failure,  either 
modifies  the  value  of  a  critical  parameter  or  modifies  the  value  of  the  limit  itself.  For  instance,  a 
gust  increases  the  angle  of  attack,  an  engine  failure  increases  the  side  slip  angle,  a  failure  in  the 
flowing  flap  system  reduces  the  limit  of  angle  of  attack.  This  type  of  event  is  called  incident  due  to 
sensitivity  to  perturbations. 

And  last,  the  third  type  of  event.  To  follow  the  airpath  prescribed  by  the  air  traffic  control  to 
avoid  an  obstacle  or  to  meet  again  the  desired  airpath  after  a  divergence  due  to  events  of  the  two 
previous  types,  the  pilot  has  to  make  a  maneuver  which  modifies  the  values  of  the  different  factors. 

For  instance,  a  pitch-up  maneuver  increases  the  angle  of  attack  and  brings  it  nearer  to  the  limit.  This 
last  type  of  incident  is  called  maneuverability  incident.  An  example  will  show  more  clearly  how  an 
accident  can  occur  as  a  result  of  a  set  of  events  of  the  three  types. 

During  an  ILS  approach  without  visibility,  the  stability  augmentor  systems  and  the  autothrettle 
having  failed,  the  pilot  lets  the  speed  and  the  altitude  decrease  and  loses  fifteen  knots  and  fifty  feet. 
This  is  a  pilotability  event  due  to  a  lack  of  stability;  the  safety  margin  for  angle  of  attack  has  already 
been  reduced  by  the  loss  of  speed.  Noticing  the  error  in  altitude,  the  pilot  begins  a  pitch-up  maneuver; 
this  maneuverability  event  again  increases  the  angle  of  attack.  And  last,  a  strong  gust  adds  its  effect 
to  the  two  previous  increments  of  angle  of  attack.  The  angle  of  attack  reaches  the  limit  which  involves 
a  stall. 

So  a  set  of  events  of  the  three  types  can  bring  a  parameter  beyond  the  limit. 

Consequently,  the  objective  of  each  requirement  of  handling  qualities  is  to  reduce  the  probability 
of  occurrence  of  an  event  of  one  of  the  three  types. 

As  we  have  already  seen,  to  assure  a  reasonable  level  of  probability  of  accident,  we  must  require  a 
high  level  of  handling  qualities  for  the  flight  cases  we  meet  daily,  in  other  words,  for  the  normal 
flight  cases.  But  it  is  possible  to  reduce  the  required  level  for  low  probability  cases;  as  a  natter 

of  fact,  the  probability  to  have  an  accident  in  a  given  flight  case  is  the  product  of  the  probability 

to  be  in  this  condition  by  the  conditional  probability  to  trespass  a  limit  from  this  condition.  So  for 
a  given  level  of  safety,  this  is  to  say  for  a  given  total  probability,  the  acceptable  conditional  proba¬ 
bility  may  increase  when  the  probability  of  the  flight  case  decreases.  In  other  words,  the  level  of 

handling  qualities  which  is  directly  related  to  the  conditional  probability  of  trespassing  a  limit  can 
be  degraded  for  low  probability  cases. 

We  have  spoken  about  probability  of  flight  case;  let  us  look  quickly  at  its  definition.  As  we  saw 
above,  even  if  the  crew  attempts  to  follow  the  Flight  Technique  selected  at  the  beginning  of  each  Sub- 
Phase  for  a  given  State  of  the  Aircraft  and  the  Atmosphere,  the  Flight  Conditions  will  not  correspond 
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exactly  to  the  i»th  prescribed  by  the  Flight  Technique  with  respect  to  altitude  and  speed.  Deviation  from 
the  ideal  path  nay  be  due  to  piloting  inaccuracies,  instrument  error,  or  gusts  (remember  that  in  a 
turbulence  of  given  intensity,  gust  of  all  levels  nay  be  encountered).  These  altitudes  and  speed 
deviations  from  the  ideal  path  corresponding  to  a  given  Flight  Technique  are  called  Excursions.- 

Practically,  Speed  Excursions  are  the  most  important,  especially  in  low  speed  Sub-Phases.  Since  they 
are  more  dependent  on  variations  in  flight  qualities  than  are  altitude  excursions. 

A  Flight  Case  is  defined  by  a  Task  and  an  Excursion  made  during  this  Task.  We  shall  note  that  we 
have  to  relate  the  requirements  to  the  Flight  Cases  and  that  we  are  theoretically  abla  now  to  computo  the 
probability  of  a  Flight  Case  since  a  Flight  Case  is  defined  by  a  Task  (Sub-Phase,  State  of  the  Aircraft, 
State  of  the  Atmosphere,  Flight  Technique,  Secondary  Work)  and  an  Excursion  since  it  is  always  theoreti¬ 
cally  possible  to  estimate  the  probability  of  each  component.  A  good  idea  of  the  probability  of  excursion 
may  be  obtained  by  flight  and  simulator  tests.  We  know  well  enough  the  atmosphere.  Remember  that  it  is 
not  necessary  to  knew  the  probability  cases  because  we  have  only  to  deal  with  the  total  probabilities 
higher  than  10"®  and  that  this  total  probability  is  the  product  of  the  probabilities  of  the  different 
components  of  the  flight  cases.  So  we  have  only  to  deal  with  probabilities  of  excursion  or  probabilities 
of  atmosphere  of  the  order  of  magnitude  of  10"3.  The  main  problem  is  the  estimation  of  the  probability 
of  the  State  of  the  Aircraft  and  more  precisely  of  the  probability  of  the  failure  situation.  It  is 
nearly  impossible  to  show  by  direct  experiments  that  the  probability  of  a  failure  state  is  less  than 
10'4  per  flight.  This  demonstration  should  need  about  2.3  104  hours  of  test  without  encountering  the 
failure  (for  a  confidence  level  of  ninety  percent). 

In  order  to  show  that  the  loss  of  an  important  function  has  a  low  probability,  we  have  to  compute 
this  probability  starting  from  the  probabilities  of  failure  of  the  different  components.  This  approach 
has  two  important  consequences. 

We  cannot  accept  that  a  loss  of  a  function,  which  may  have  hazardous  conseqn-nces  for  the  flight, 
should  be  the  result  of  a  unique  failure.  As  a  matter  of  fact,  we  cannot  show  directly  that  the  proba¬ 
bility  of  this  failure  is  reasonably  low.  So  we  have  to  require  to  at  least  double  the  system,  the 
failure  of  which  may  have  hazardous  consequences.  These  are  the  same  considerations  which  have  led  to 
the  philosophy  of  fail-safe. 

On  computing  the  probability  of  loss  of  a  function,  we  have  to  be  very  careful  on  assuming  the 
independence  of  the  different  systems.  Even  if  the  systems  are  physically  independent,  in  other  words, 
if  there  is  no  common  part  (and  particularly,  it  is  very..difficult  to  have  truly  different  sources  of 
energy),  the  occurrences  of  the  failures  are  not  strictly  independent  because  the  origins  of  the  failures 
are  not  strictly  random.  The  origin  of  the  failure  may  be  vibration,  temperature,  humidity,  moisture, 
pressure,  and  so  on;  and  if  the  independent  systems  are  physically  identical,  the  same  causes  having 
the  sane  effects,  the  conditional  probability  of  failure  of  a  second  system  after  the  failure  of  the 
first  one  is  not  at  all  equal  to  zero. 

fo  the  reliabilit-  analysis  of  all  the  systems  is,  in  our  opinion,  the  most  important  and  certainly 
the  most  difficult  problem  we  have  to  solve  to  build  right  requirements. 

Let  us  look  now  at  how  the  Mil  Spec  deals  with  this  problem. 

The  two  sets  of  requirements  agree  on  the  important  point  that  a  high  level  of  flying  qualities  must 
be  provided  for  the  flight  rases  that  occur  frequently. 

In  the  discussion  of  8785B,  the  State  of  the  Airplane  has  been  defined,  i.e.,  the  Selected  Configura*-  .cm 
and  the  status  of  the  equipment.  The  Selected  Configuration  can  be  iisted  for  each  Flight  Phase  to  show 
the  position  of  the  landing  gear,  wing  sweep,  augmentation  on  or  off,  etc.  These  have  been  called 
Airplane  Normal  States  and  reprtsent  the  conditions  of  the  airplane  in  an  unfailed,  or  normal  status. 

The  situation  after  failure  has  occurred  is  an  Airplane  Failure  A  ite.  All  possible  failures  am. 
combinations  of  fuiluies  are  defined  and  listed  so  tne  beginning  Noim.il  State  may  be  modified  by  a  large 
number  of  possible  Failure  States.  In  many  cases,  these  failures  can  be  expected  to  cause  a  degradation 
in  flying  qualities.  The  amount  of  degradation  must  be  determined.  It  is  important  to  know  wnere  in  the 

envelope  the  failure  occurred  for  the  change  in  flying  qualities  may  be  either  critical  or  unaffected  by 

the  particular  flight  condition.  We  have  not  been  able  to  specify  a  probability  of  being  in  a  particular 
area  of  the  envelope,  so  we  have  said  that  all  points  have  a  probability  of  one.  Therefore,  it  is 
necessary  to  determine  the  effect  of  the  failure  at  the  most  critical  condition  within  the  envelope  for 
each  Failure  State. 

It  is  important  to  know  how  often  each  Failure  State  occurs.  The  contractor  shall  determine  the 
probability  of  occurrence  per  flight  of  each  Airplane  Failure  State. 

When  the  effect  of  each  failure  has  been  determined,  then  the  level  (1,  2,  3)  of  flying  qualities 

for  each  Failure  State  is  known.  With  the  probability  of  occurrence  of  each  Failure  State  per  flight 

then  the  overall,  or  cumulative,  probability  rer  flight  of  degradation  of  flying  qualities  to  Levels  2 
and  3  can  be  made. 


Requirements  based  or.  levels  of  flying  qualities  arc  used  in  S785B.  For  airplane  Normal  States, 
Level  1  flying  quality's  arc  required  within  the  Operational  Flight  Envelope  and  Level  2  within  the 
Service  Flight  Envelope.  This  shows  that  very  good  flying  qualities  are  wanted  most  of  the  tine  in 
order  to  assure  mission  success.  Acceptable  flying  qualities  arc  wanted  in  reasonably  likely,  yet 
infrequently  expected  conditions.  Some  changes  are  expected  due  to  failures,  but.  if  the  probability 
is  high,  then  there  must  not  be  any  degradation  because  the  situation  occurs  too  frequently.  Within 
the  Operational  Flight  Envelope,  th"  flying  qualities  may  degrade  to  Level  2  no  more  often  than  once 
per  100  flights  and  to  Level  3  no  more  often  than  once  per  10,000  flights.  Within  the  Service-  Flight 
Envelope,  Level  3  shall  not  occur  nor'  often  than  once  per  100  flights.  There  are  no  specific 
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quantitative  requirements  for  flight  outside  the  Service  Flight  Envelope  (in  the  Permissible  Envelope) 
because  this  area  is  felt  to  be  a  transient  condition,  and  it  is  only  necessary  that  the  airplane  be 
capable  of  quickly  returning. 


level  3  is  the  minimum  level  of  flying  qualities  to  assure  that  a  flyable  airplane  exists  no  matter 
whet  failures  occur.  No  Failure  State  (with  an  exception)  shall  degrade  any  flying  quality  beyond  level 
■*; .  ,T1}e  exception  is  the  Special  Failure  State.  Some  failures  way  have  such  extremely  remote  proba¬ 
bilities  of  occurrence  that  they  are  difficult  to  predict.  When  this  occurs,  and  if  the  contractor  can 
justify  his  position,  a  Special  Failure  State  is  approved  and  such  a  failure  can  result  in  flying 
qualities  outside  the  Level  3  limit.  Typical  of  failures  that  would  qualify  for  a  Special  Failure 
^tate  are  structural  failures  which  would  certainly  affect  flying  qualities  but  are  extremely  remote. 

The  Special  Failure  State  is  not  to  be  used  for  those  readily  predictable  cases  that  are  worse  than 
Level  3  or  those  cases  where  a  failure  is  difficult  to  correct,  and  it  is  easier  to  ask  for  a  Special 
Failure  State. 


This  method  of  specifying  flying  qualities  is  directly  related  to  the  French  idea  of  pilotability. 

The  use  of  three  different  levels  is  a  way  of  expressing  pilotability  for  they  are  concerned  with  how 
bard  the  pilot  must  work  to  do  the  mission.  Failures  can  change  the  amount  of  work  that  mist  be  done, 
ar.d  it  is  only  on  rare  occasions  that  we  allow  the  pilot  to  be  highly  loaded  with  work  because  the 
possibility  of  an  incident  increases  as  the  workload  increases. 

In  conclusion,  we  believe  that  this  comparison  of  the  flying  qualities  specifications  of  France  and 
the  United  States  has  shown  that  they  are  basically  the  same  in  intent  and  goals.  Requirements  for  new 
aircraft  must  be  more  sophisticated  than  previous  criteria  because  the  aircraft  themselves  are  more  f 

complex  and  are  capable  of  doing  more  things.  Many  additional  considerations  must  be  added  to  account 
-or  equipment  failures,  the  way  the  airplane  is  tc  be  used,  and  how  well  it  must  fly  in  all  portions  of 
ts  flight  envelope.  All  of  these  items  are  included  in  both  of  the  specifications,  E.S.A.U.  and  8785B,  I 

i  d  they  have  been  used  in  nearly  the  same  way,  although  there  certainly  are  some  differences.  I 

The  paper  has  noted  that  the  two  specifications  differ  in  their  basic  objective:  safety  for  E.S.A.U. 

&'  d  mission  success  and  safety  for  8785B.  The  same  methods  are  used  in  each  specification  once  these 
objectives  have  been  defined. 

We  believe  that  E.S.A.U.  presents  the  more  inclusive  and  theoretical  approach  to  account  for  all  the 
possibilities  that  may  arise.  The  military  specification,  from  the  beginning,  has  made  certain  simpli¬ 
fying  assumptions  to  permit  the  practical  application  of  the  requirements.  It  has  been  necessary  to 
use  many  simplifying  assumptions  when  applying  E.S.A.U.  to  specific  aircraft. 

. *^le  imai  results  of  the  work  that  was  conducted  in  the  two  countries  during  the  same  time  period  are 
flying  qualities  specifications  that  are  extremely  similar  in  the  requirements  that  have  t  en  considered, 
and  the  way  these  factors  have  been  applied. 


first  of  all,  1st  as  congratulate  H.  Vasnsr  and  Mr.  Carlson  on  the  skilful  way  they  hare  lad  us  through  j 

the  sars  of  this  complex  subject.  At  first  sight,  they  sight  appear  to  hare  set  themselves  an  impossible  j 

task  -  to  give  an  homogeneous  presentation  of  two  sets  of  flying  qualities  requirements  hawing  unrelated  i 

backgrounds,  and  different  intentions.  Bower er,  on  closer  examination,  the  tasks  of  writing  requirements  j 

to  ensure  service  acceptance  on  the  one  hand,  or  ciril  certification  on  the  other  hand,  ere  not  dis¬ 
similar  in  principle.  i 

In  both  cases,  the  task  is  one  of  considerable  magnitude.  To  achieve  generality,  a  large  range  of 
possibilities  must  be  considered.  Modern  airframe  and  engine  technology  can  produce  aircraft  able  to 
perform  over  a  wide  range  of  speeds  and  heights,  and  unique  flying  qualities  problems  ore  likely  to  occur 
at  different  points  in  the  flight  envelope,  finally,  the  subjective  nature  of  goon  flying  qualities 
makes  quantification  difficult  -  a  situation  which  does  not  arise  in  other  engineering  applications. 

AH  flying  Qualities  Specifications  must  have  certain  cowon  features,  first,  there  must  be  a 

classification  of  the  types  of  aircraft  to  which  the  specification  applies.  Second,  there  must  be  a 

classification  of  the  flight  condition/task  to  which  a  particular  requirement  applies,  and  third,  there 

must  be  a  classification  of  the  configurstion/status  of  the  aircraft.  The  third  classification  then  j 

allows  the  introduction  of  the  concept  of  probability  of  occurrence  -  a  concept  which  is  common  to  both  > 

TSS-5  and  MIL  8785B.  Simply  stated ,  it  says  that  tha  more  likely  a  set  of  circjastances  will  occur,  the  j 

better  the  flying  qualities  shall  be  in  these  circumstances.  By  incorporating  this  principle,  TSS-5  end 

MIL  8785B  represent  s  big  advance  over  the  older  civil  and  military  requirement.  j 


The  paper  by  Wanner  and  Carlson  reveals  how  two  indapandent  Certification  Auth-.rities  have  sanaged  to 
incorporate  the  above  features  into  a  working  document.  In  addition,  it  highlights  the  differences 
between  the  two  Specifications  which  inevitably  occur  in  some  areas.  Such  a  comparison  is  invaluable, 
since  it  indicates  where  improvements  to  either  Specification  might  be  posaiblo. 

Considering  first  the  problem  of  aircraft  classification,  as  Mr.  Carlson  points  out,  aircraft  size  or 
aircraft  weight  are  not  by  themselves  good  parameters.  it  is  better  to  use  a  cl sseif lection  which 
incorporates  the  miseion  of  the  aircraft.  Applying  this  principle,  MIL  8785B  has  four  aircraft 
classifications  I,  H,  HI,  and  IV.  M.  Wanner  indicates  that  ESAU  is  fundamentally  different  to  MIL  8785B 
in  this  respect,  because  "safety  and  mission  succass  are  the  same  thing  for  civil  aircraft".  It  is 
dabataable  whether  such  a  clear  distinction  can  be  made.  The  delivery  of  passengers  to  a  nominated 
destination  is  s  mission,  and  can  ba  modified  for  a  variety  of  reasons  without  prejudice  to  safety. 
Different  types  of  mission,  in  terms  of  distance,  duration,  speed,  height  and  prevailing  conditions  can 
be  postulated,  and  surely  establish  a  need  for  a  classification  corresponding  to  that  of  MIL  8785b. 

Considering  now  the  need  to  classify  the  flight  condition/task,  we  sea  that  ESAU  (and  7SS  5)  uses  tho 
concept  of  flight  Phasee  and  Sub-Phasaa.  Precise  definition  of  these  terms  is  made.  A  study  of  TSS  5 
then  shown  that  tha  specific  requirements  for  handling  qualities  (in  terms  of  stability  or 
manoeuvre ability)  are  rarely  related  to  either  s  Fhase  or  a  Sub-Phase.  In  fact  one  chapter  contains 
handling  qualities  requirements  for  up  and  away  flight,  and  a  separate  chapter  relates  solely  to  low 
speed,  low  altitude  flight.  A  further  indication  of  the  difficulty  of  using  the  Sub-Phase  concept  is 
given  when  TSS  5  states  that  tha  Applicant  will  define  the  Sub-Phases. 


The  difficulty  arises  because  of  the  impossibly  large  nusber  of  cases  to  consider,  if  a  luge  sat  of  • 

sub-phases  are  persutated  with  various  aircraft  states,  for  a  multitude  of  flying  quality  requirements.  3 

As  Carlson  points  out,  MIL  8785B  gets  out  of  the  dilemma  by  using  oily  three  Categories,  A,  B  and  C,  to 
group  the  various  phases  of  flight,  and  by  indicating  separately  which  phases  fall  into  each  Category.  2 

On  the  whole,  we  have  found  this  arrangement  satisfactory.  Perhaps  the  only  difficulty  is  to  decide 

where  Category  A  finishes,  and  Category  B  starts.  For  example,  is  the  case  of  a  Class  IV  aircraft  \ 

design,  a  strict  interpretation  of  tha  Operational  Flight  Ikxvelope  (Table  i)  in  MIL  8785B  leads  to  the  - 

conclusion  that  Category  A  covers  all  conditions  other  than  Category  C.  > 


It  is  in  the  third  classification,  that  of  aircraft  configuration/status,  that  the  probability  concept 
nay  be  conveniently  introduced.  Current  aircraft  designs  can  absorb  several  sub-system  failures  without 
disastrous  results,  and  we  can  even  eatisate  the  probability  of  occurrence  of  such  failures.  The  new 
Specifications  admit  this  situation  and  allow  degradation  of  flying  qualities  subsequent  to  failure. 
There  is  a  correspondence  between  the  concept  of  Levels  in  MIL  8785B,  and  True  Configuration  of  ESAO. 

Mr.  Carlson  goes  a  step  further,  and  be  bravely  associates  with  Levels  1,  2  and  3  appropriate  values  of 
pUot  ratings  in  the  Cooper/Bar  per  scale.  Perhaps  the  development  of  this  scale  has  sade  its  use  in  a 
Specification  possible.  I  wonder  if  M.  Wanner  might  recommend  m  more  cautious  approach,  since  he  has 
often  preached  the  danger  of  using  pHot  rating  scales  for  Acceptance  purposes. 

In  our  experience,  the  concept  of  Levels  1,  2  and  3  in  MIL  8785B  can  be  conveniently  applied  in  the 


design  stage.  In  the  case  of  a  Class  IV  aircraft  with  a  aultiplex  CSAS,  level  2  becomes  superfluous,  and 
no  doubt  Level  3  becomes  superfluous  with  a  simplex  CSAS.  We  have  found,  however,  that  Level  3  i*  unduly 
sever#  in  some  areas  (for  example  minimum  stick  force  per  g  and  minimus  roll  rate).  The  effect  is  to 
force  the  designer  to  an  aaro dynamic  configuration  or  control  layout  which  is  usdesireable  in  other 
respects  (performance  or  complexity).  Mr.  Carlson  appreciates  the  problex,  and  adsits  that  "the  Level  3 
values  in  some  cases  were  increased  over  the  barely  safe  values,  to  allow  the  degradation  of  several 
parameters  at  once".  We  believe  that  the  cumulative  effects  of  degraded  handling  in  all  axis  is  a 
complex  situation,  and  should  be  tackled  separately  -  perhaps  at  this  stage  by  a  generalised  observation 
in  the  Specification.  To  illustrate  this  point,  a  designer  so  minded  could  produce  an  aircraft  seating 
Level  1  requirements,  but  which  the  pHot  would  find  unacceptable,  by  diabolical  choice  of  permitted 
stick  forces,  frequency,  damping,  friction,  and  so  on.  Obviously  it  is  not  in  the  designers  interests  to 


do  this:  nor  is  it  in  his  interests  to  exploit  low  Level  3  -  jquireeents  too  vigorously.  The  c cabined 
affects  of  requireaents  is  an  ares  which  needs  more  study.  Even  if  such  effects  were  known,  they  say-  be 
too  complex  to  apply  conveniently  into  a  Specification. 

Further  difficulties  arise  when  the  Certification  Authority  wishes  to  cover  the  influence  of  atmospheric 
conditions.  In  the  first  place,  some  of  the  handling  qualities  criteria  an  which  the  requirements  are 
based  have  been  derived  in  calm  air.  More  work  is  needed  to  determine  how  these  criteria  change  with 
level  of  turbulence.  Secondly,  a  convenient  means  must  be  found  to  accommodate  any  new  criteria  which 
appear.  In  theory,  the  ESAU  method,  which  combines  the  state  of  the  aircraft  with  the  state  of  the 
atmosphere  looks  attractive.  In  practice  it  may  be  unworkable,  because  of  the  large  number  of  cases  which 
must  then  be  considered.  If  so,  then  the  MIL  87858  approach,  which  deals  with  atmospheric  effects  on 
an  individual  basis,  is  to  be  preferred.  We  can  only  hope  that  the  research  effort  referred  to  by 
M.  Warmer  will  be  fruitful,  and  chat  the  results  cun  be  easily  incorporated. 

Paradoxically,  the  strength  of  the  new  French  and  American  Specifications  -  the  association  of  flying 
qualities  requireaents  with  probability  of  occurrence  -  is  also  their  weakness.  M.  Wanner  highlights 
this  weakness  when  he  points  out  that  (a)  it  is  virtually  impossible  to  demonstrate  that  remote  failure 
targets  are  in  fact  met,  and  (b)  the  assumption  that  a  second  failure  is  independent  of  a  first  failure 
is  usually  false.  The  consequence  for  civil  aircraft  is  that  it  becomes  extremely  difficult  to 
introduce  a  radically  new  system  such  as  fly-by-wire,  or  CCV.  The  Certification  Authority  can  reasonably 
argue  that  a  new  system  mist  be  shown  to  be  satisfactory  before  Acceptance;  equally  well  the 
manufacturer  can  claim  that  the  assurance  needed  will  only  come  from  normal  operation  in  service. 

A  different  type  of  problem  will  apply  to  Military  Aircraft.  Within  the  Operational  Envelope,  the 
Requirements  say  that  Level  3  shall  not  occur  more  often  than  once  per  10,000  flights.  In  other  words, 
it  will  be  a  circumstance  which  is  unexpected  by,  and  unfamiliar  to  the  pilot.  Inevitably,  Air  Staffs 
will  insist  that  regular  training  for  these  remote  failures  is  carried  out,  and  so  Level  3  conditions 
will  be  flown  far  more  frequently  than  assumed  in  the  Requirements.  One  might  then  question  the 
validity  of  permitting  s  degradation  of  handling  qualities  on  the  basis  of  rare  occurrence. 

One  general  comment  must  be  made,  although  it  is  not  directed  particularly  at  either  the  U.S.  or  French 
Requirements.  It  is  a  truism  to  say  that  to  be  useful  a  Set  of  Requireaents  oust  be  need.  They  are 
addressed  primarily  to  the  airframe  manufacturer,  and  their  value  is  diminished  if  they  are  structurally 
complex,  difficult  to  understand,  or  difficult  to  apply.  Generality  may  be  the  initial  goal,  but  when 
applied  to  a  particular  project,  detail  charges  to  the  Requireaents  will  be  necessary.  The  mechanism  to 
introduce  such  changes  must  exist. 

Finally,  I  am  not  sure  that  I  can  accept  the  title  of  this  joint  paper,  as  describing  a  Comparison  on 
French  and  United  States  Flying  Qualities  Requireaents.  To  do  so  ignores  the  contribution  of  the  British 
Air  Registration  Board  to  the  formulation  of  TSS  5  -  *  contribution  I  am  sure  that  M.  Wanner  will  be  the 
first  to  acknowledge. 

References:  1.  "Military  Specification,  Flying  Qualities  of  Piloted  Airplanes" 

HIL-F-OO8785A  (USAF)  31st  October,  1968 

2.  "Supersonic  Transport  Aircraft  Flying  Qualities" 

TVS  Standard  No.  5  Issue  2  22nd  March,  1968 


OPEN  DISCUSSION 


W.T.  Kehrer,  Boeing,  USA 

Is  1C  Che  lncenc  of  Che  military  specification  8785B  Chat  the  airplane  be  safe  to  land  under  the 
degraded  systems  conditions  resulting  in  what  is  described  as  Level  3  handling  qualities-  Pilot  rating 
range  6  1/2  to  9  1/2? 

J.W.  Carlson,  ASD,  Dayton,  Ohio 

Yes,  certainly  it's  the  idea  that  the  airplane  can  safely  be  returned  and  landed.  Also,  it  Is 
intended  the  airplane  shall  be,  under  Level  3  conditions,  capable  of  extricating  Itself  from  some  very 
difficult  maneuver  that  it  might  be  experiencing  at  the  time  of  failure  under  a  Level  1  flight  condition. 

It  can  be  safely  returned  to  a  controllable  situation  from  that  failure  and  then  turn  around,  come  back 
and  make  the  landing. 

W.T.  Kehrer,  Boeing,  USA 

Boeing  does  not  agree  that  the  Level  3  can  be  considered  as  safe  to  land,  as  applied  to  commercial 
transport  design.  The  most  degraded  qualities  that  Boeing  would  ever  accept  in  an  aircraft  design  for 
commercial  operation  is  by  pilot  rating  scale  6  1/2. 

Robert  J.  Woodcock,  AF  Flight  Dynamics  Lab,  Dayton,  Ohio,  USA 

We  have  had  some  problems  in  getting  people  to  do  the  kind  of  probability  analysis  we  had  en¬ 
visioned  for  showing  compliance  with  MIL-F-8785B.  What  has  been  the  Anglo-French  experience  in  applying 
their  similar  requirements? 

J-C.  Wanner,  Service  Technique  Aeronautique, Paris ,  France 

I  think  it  would  be  better  to  ask  the  contractors  to  give  you  an  answer  on  that  point,  Mr.  Deque 
for  Instance.  But,  I  entirely  agree  with  you  that  it  is  very  difficult  to  do  this  type  of  work  about 
probability.  But  I  think  it's  better  to  speak  about  probability  even  if  it's  not  the  exact  probability, 
known  only  with  an  important  error,  than  to  assume  that  these  probabilities  are  zero  or  one. 

Mr.  Deque,  Aerospatiale,  France 

We  have  probably  the  same  difficulty  that  you  have  evaluating  probabilities.  But  as  Mr.  Wanner 
said,  we  can  at  least  classify  the  class  of  probability  even  if  we  cannot  obtain  the  exact  number.  Also, 
we  have  to  be  very  careful  when  evaluating  probabilities  to  take  into  account  the  possibilities  of 
multiple  failures.  With  this  approach  we  have  some  assurance  that  we  have  the  correct  class  of  probability. 

R.S.  Siiff,  FAA,  USA 

I  thought  it  might  be  appropriate  to  give  some  of  my  views  as  we've  seen  these,  because  we  have 
been  very  active  in  working  both  with  MIL  specifications  and  in  the  comparison  and  application  of  the 
Anglo-French  standards.  We  are  in  the  process,  right  at  the  present  time,  of  conducting  a  very  concen- 
Tated  evaluation  of  the  U.S.  tentative  standards  for  the  supersonic  transport  with  the  Anglo-French, 

.oth  the  constructors  and  the  Air  Worthiness  authorities.  What  I  wanted  to  say  here,  basically,  from 
our  viewpoint,  on  these,  most  of  the  things  have  already  been  said  relative  to  the  difficulties  that  you 
foresee  in  being  able  to  come  up  with  the  requirement,  per  se,  rather  than  the  definition  of  what  has  to 
be  evaluated.  You  see,  you  have  to  boil  it  down  in  the  end  to  what  do  you  test,  what  is  the  requirement. 
This  has  been  one  of  the  things  that,  I  think,  is  taking  the  most  time  and  is  yet  unresolved,  when  it 
comes  to  the  U.S.  requirement  to  he  applied  to,  for  example,  the  Oncor.'e.  I  want  to  express  one  cnougnt 
here,  .is  I  see  it,  sitting  and  listening  to  the  papers  given  as  one  paper  by  two  individuals  that  have  the 
same  objectives,  but  I  do  not  believe  that  the  requirements  as  they  have  been  presented  are  truly  the  same. 
For  example,  as  I  see  the  Anglo-French  requirements  of  TSS-5,  they  are  based  upon  an  authority  applying 
a  requirement  to  an  aircraft.  The  Mil  spec  is  a  design  specification  for  the  purchase  of  an  aircraft. 

Which,  in  itself,  has  a  little  different  attitude  towards  it  and  has  different  deviations  that  are  per¬ 
mitted,  in  accepting  it.  It  is  the  basis  of  how  you  apply  these  two  as  I  would  see  them.  So,  all  I 
wanted  to  express  here  is  the  difficulty  as  we  see  it,  from  the  FAA  since,  in  applying  these  philosophies 
0)  we  don't  want  to  design  airplanes,  (2)  we  have  to  evaluate  again  these  probabilities  with  our  experts 
to  assure  that  we  are  truly  looking  at  what  might  occur  in  service  of  the  aircraft,  is  safe. 

R.F.  Harper,  Cornell  Aero  Lab,  USA 

I  have  three  comments.  The  first  one  I  would  like  to  say  that  the  agreement  demonstrated  here 

and  much  of  the  philosophy  in  the  results  between  the  two  papers  that  were  jointly  presented,  didn't  just 

happen.  I  would  certainly  acknowledge  that,  thanks  to  the  efforts  of  the  Air  Force  and  Mr.  Jack  Carlson, 
that  Mr.  Wanner  had  several  opportunities  to  impact  the  work  which  Cornell  Lab  did  on  the  8785  spec.  His 
contributions  were  very  important,  particularly,  I  chink,  the  philosophical  aspects  of  his  contributions 
in  forcing  us  to  face  up  to  'he  total  philosophy  of  the  spec.  He  made  at  least  two  visits  to  Cornell 
and  we  had  very  important  and  very  helpful  discussions.  So  I  would  like  to  acknowledge  this  personal 
contribution.  The  next  comaent  was  towards  Arthur  Barnes.  Art  said  something  that  surprised  me  - 
that  the  airplane  designer  could  take  6785B  and  making  a  Level  3  airplane  by  choosing  a  limit  of  the 
Level  1  requirement.  I  don’t  have  any  data  that  says  that  this  isn’t  possible,  but  I  am  interested 

if  you  do  have  any  such  data,  because  this  is  what  we  at  Cornell  call  a  "combination  of  bads".  We 

are  very  much  interested  in  what  happens  when  you  combine  limits  of  a  number  of  the  requirements  and 
produce  an  airplane  whose  characteristics  are  right  on  the  limits  of  a  number  of  individual  requirements. 

I  don't  think  any  substantial  amount  of  research  has  been  done  on  this,  but  if  anyone  in  the  audience 
knows  of  any  results  or  if  Arthur  himself  does,  I  would  surely  like  to  hear  about  them.  One  comment 
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along  this  line,  is  that  the  reference  waa  made  that  there  was  a  correlation  between  pilot  rating  and 
the  Levels  in  the  8785B.  There  is  a  correlation,  I  think  it  is  the  underlying  schemes  of  the  Level  is 
the  rating  but  where  you  draw  the  particular  limit,  they  don’t  have  to  be  drawn  at  the  pilot  rating 
boundaries  of  3  1/2  and  6  1/2.  One  final  question  fo  ■  Mr.  Wanner.  What  about  the  French  military  air¬ 
planes?  Your  discussion  compared  the  specifications  :  >r  handling  qualities  for  really  commercial  trans¬ 
port  procurement  or  operation.  With  the  military  specification  for  U.S.  military  airplanes,  what  do 
you  require  for  the  Mirage  airplanes,  etc.  Could  you  consent  on  this,  please?  Wanner  -  For  the 
military  purpose,  we  Intend  to  apply  the  philosophy  of  8785B  but  I  think  now  it  is  not  necessary 
because  you  have  made  the  job  easy.  So  I  think  that  our  military  specification  shall  be  the  translation 
of  8785B. 


* 


A.G.  Barnes,  BAC,  UK 

I  think  that  you're  on  a  good  bet  if  you  are  trying  to  produce  intentionally  bad  characteristics 
in  an  aircraft.  It  is  more  difficult  to  design  good  characteristics  into  an  aircraft.  On  the  other 
hand,  there  seens  to  be  a  law  of  nature  which  says  that  things  never  go  too  wrong;  for  example,  if  we 
reduce  the  short  period  frequency  of  the  aircraft,  the  short  period  damping  Increases.  And  the  designer 
would  have  to  do  something  diabolical.  We  can  be  very  confident  that  if  he  did  this  diabolical  thing, 
then  we  would  get  an  airplane  which  is  unacceptable.  I  think  that  this  is  one  area  in  which  a  lot  of 
work  is  needed.  Not  only  from  the  purely  academic  point  of  view,  just  to  have  a  comprehensive  set  of 
flying  qualities,  but  also  to  provide  a  specification  which  allows  for  the  interaction  of  one  parameter 
with  another.  The  example  that  comes  to  mind  of  how  to  meet  the  Mil.  Spec,  with  a  bad  airplane  is  to 
provide  unharmonized  controls  -  for  example  light  forces  and  small  deflections  in  roll,  and  heavy  forces 
and  large  deflections  in  pitch.  Careful  use  of  the  allowable  breakout  force,  friction,  hysteresis,  and 
so  on  will  add  to  the  pilot's  difficulties. 


I 

1 

2 
j 


V 

7. 

i] 


I 


Two  further  examples  of  "combination  of  bads",  applied  to  the  pitch  control  are: 


Case  1:  Landing  approach,  120  knots,  s.p.  frequency  3.0  rad/sec,  relative  damping  ratio  0.35,  nz,Q”2.7, 
stick  force/g  «=  3.0  lbs.,  stick  force  per  inch  ■  30  lbs. /in/,  3  lbs.  breakout  force. 

Case  2:  Ground  attack,  350  knots,  s.p.  frequency  2.4  rad/sec  relative  damping  ratio  »  1.30,  r.z/a-20, 
stick  force/g  «=  12  lbs.,  stick  force  per  inch  =  5  lbs. /in.,  3  lbs.  breakout  force. 

Case  1  meets  the  Category  C,  level  1  requirements,  and  Case  2  meets  the  Category  A,  level  1  requirements, 
but  I  think  that  both  cases  would  be  unacceptable,  if  not  dangerous. 

Pierre  Lecomte,  Aerospatiale,  France 

Mr.  Wanner  referred  to  the  fact  that  low  probability  situations  may  be  associated  with  low 
handling  qualities  level  on  the  grounds  of  the  risks  involved.  This  statement  is  not  so  obvious  as  it 
looks.  It  is  true  only  if  the  assessment  of  the  handling  quality  level  fully  considers  the  knowledge 
and  training  of  such  situations  the  crews  will  have  in  service. 

In  his  comments,  Mr.  Barnes  referred  to  the  use  of  pilot  rating.  Unhappily,  in  our  state  of  ig¬ 
norance,  all  handling  qualities  requirements  or  critique  rest  upon  pilot  assessments  of,  either  directly 
of  the  aircraft  considered,  or  indirectly  of  other  aircraft  of  previous  generations  or  of  a  simulator. 

In  the  first  case,  the  situation  is  wide  open,  and  difficult  in  many  respects. 

In  the  second  case,  the  question  of  the  relevance  of  previous  data  is  also  very  difficult. 

A.G.  Eames,  BAC,  UK 

I  think  that  one  purpose  of  the  flying  qualities  requirements  is  to  try  to  quantify  these  elusive 
factors  we  call  handling  qualities.  By  doing  research,  we  are  able  without  any  prejudice  to  relate  what 
the  pilot  thinks  of  one  aspect  of  an  aircraft  with  a  measurable  parameter  such  as  frequency,  damping,  or 
stick  force.  It  seems  to  me  that  this  should  be  done  in  the  quiet  atmosphere  of  research  and  not  in  the 
hurlv  burly  of  acceptance  of  either  military  or  commercial  aircraft,  which  has  overt  ones  of  cost, 
delivery,  time  scale  and  so  on.  If  you  leave  the  final  acceptance  simply  to  a  pilot  rating  then  you  are 
losing  out  in  two  ways:  (1)  you  aren't  taking  advantage  of  all  of  the  background  experience  relating 
pilot  opinion  with  measurable  parameters  and  (2)  you  are  also  limiting  the  pilot's  ability  to  express 
himself.  If  you  say,  we  will  focus  the  acceptance  Into  one  of  ten  numbers  of  letters,  the  pilot  is  then 
committed  to  summarize  his  opinion  and  experience  with  the  aircraft  into  one  statement  -  and  this  to  me 
is  the  biggest  difficulty,  using  the  pilot  rating  scale  for  certification.  The  second  difficulty,  which 
Mr.  Wanner  pointed  out  in  1966,  Is  the  problem  of  getting  an  absolute  level  from  which  to  measure  the 
pilot  rating.  Most  pilot  ratings  are  made  with  respect  to  a  certain  situation.  In  the  case  of  certifi¬ 
cation,  it  is  no  longer  a  relative  assessment;  it  becomes  an  absolute  assessment. 


f. 

s 


I.L.  Ashkenas,  Systems  Technology,  Inc.,  USA 


The  initial  portion  of  the  paper  referred  that  mission  requirements  and  aircraft  type  were  a 
strong  influence  on  handling  criteria;  but  later,  more  emphasis  was  placed  on  workload  and  associated 
pilot  rating.  Since  the  pilot  is  central,  whv  shouldn't  we  expect  that,  for  safety  at  least,  flying 
qualities  requirements  should  be  quite  universal;  i.e.,  pilot-  and  task-centered  and  not  airplane  type 
of  mission-dependent?  As  a  matter  of  fact  some  of  our  success  at  consolidating  requirements  for  a 
variety  of  aircraft  types  (e.g.,  CT0L,  VSTOL,  helicopters)  indicate  that  basic  requirements,  expressed 
in  piloting  terms,  are  much  the  same  for  all. 
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THE  NATURE  AND  USE  OP  THE  RULES  FOH  JUDGING  THE  ACCEPTABILITY 
OP  THE  PLYING  QUALITIES  OF  FIXED  WING  AIRCRAFT 

by 

S.  J.  Andrews,  B.Sc. 

Aeroplane  and  Armament  Experimental  Establishment 
Boscombe  Down 
Salisbury 
Wilts 
England 


SUMMARY 


In  the  United  Kingdom  the  flying  qualities  requirements  are  laid  down  in  an  Aviation  Publication 
(Design  Requirements  for  Service  aircraft).  The  equivalent  document  in  America  is  a  Military  Specification 
(Plying  qualities  of  piloted  aeroplanes).  The  paper  considers  the  general  content  of  these  documents  in 
relation  to  the  requirements  of  the  flight  tester  in  assessing  the  acceptability  of  fighter  aircraft,  strike 
aircraft  and  trainer  aircraft  with  which  the  author  has  been  associated.  In  the  same  context  comment  is 
made  upon  the  flying  qualities  requirements  for  V/STOL  aircraft. 

It  is  suggested  that  the  requirements  documents  are  of  limited  use  to  the  flight  tester  because 
almost  inevitably  they  are  out  of  date,  they  are  very  likely  to  be  inapplicable  to  new  aircraft  with  special 
role  demands  or  novel  design  features  and  in  addition  the  tester  knows  that  the  rigid  application  of  the 
handling  qualities  criteria  mill  not  necessarily  produce  an  aircraft  satisfactory  for  the  user. 

It  is  recommended  that,  in  additiAi  to  updating  existing  requirements,  more  attention  should  be 
given  to  the  direct  and  immediate  application  of  data  derived  from  known  and  tried  service  aircraft. 

The  views  expressed  in  this  Memorandum  are  those  of  the  author,  they  do  not  necessarily  represent 
the  official  opinion  of  AAA IE. 


1 .  INTRODUCTION 

The  definition  of  rules  for  the  flying  qualities  of  fixed  wing  aircraft  should  fulfil  at  least  two 
particular  functions.  Firstly  they  should  provide  the  designer  with  much  of  the  necessary  background 
information  on  which  to  base  the  required  control  characteristics  of  his  proposed  aircraft.  Secondly,  the 
requirements  should  at  least  provide  the  aircraft  testing  authority  with  a  statement  on  control  characteris¬ 
tics  which  have  been  found  acceptable  in  the  past,  the  thus  provide  a  starting  point  for  assessing  the  cap¬ 
ability  of  the  aircraft  to  meet  the  users  requirement,  both  in  letter  and  in  spirit. 

The  documents  in  which  these  rules  are  written  down  in  the  United  Kingdom  and  in  America  are, 
respectively,  Aviation  Publication  (Av.P.)  (Design  Requirements  for  Service  Aircraft),  and  Military  Speci¬ 
fication  (Mil.  Spec.)  (Flying  Qualities  of  Piloted  Aeroplanes).  Many  of  the  paragraphs  of  the  Av.P.  were 
written  a  long  time  ego  and  are  therefore  based  on  relatively  cld  experience,  the  1950's  era.  On  the  other 
hand  the  Mil.  Spec,  was  drafted  over  the  period  1966-1969  and  is  therefore  reasonably  well  up  to  date.  Some 
comments  will  be  made  in  the  text  of  the  paper  on  the  relevance  of  this  difference  between  the  two  documents. 

Because  this  paper  represents  4Le  vie vs  of  the  author,  ard  not  necessarily  those  of  AAAEE  Boscombe 
Down,  it  would  be  appropriate  to  mention  briefly  the  extent  of  the  author's  experience  in  flight  testing. 
This  extends  over  the  past  10  years  anc  hes  been  concerned  mainly  with  trainer  and  fighter  aircraft  includ¬ 
ing  the  Gnat  trainer,  various  marks  of  Lightning,  the  Harrier  V/STOL  aircraft  and  its  predecessors,  and  the 
Anglo-French  Jaguar. 

Looking  back  over  those  10  years  it  i8  surprising  how  little  inference  to  the  specific  requirements 
of  the  Av.P.  has  been  necessary  during  assessment  flying.  Those  rules  which  have  been  used  "re  a  combina¬ 
tion  of  the  Av.P.  requirements  and  past  experience  and  it  was  found  that  those  of  real  signi.icance  which 
have  been  used  with  reasonable  frequency  could  be  written  down  or.  one  side  of  a  sheet  of  paper,  these 
"rules”  are  illustrated  in  Figure  1.  In  addition  to  these  rules  we  hs^e  used  our  common  sense  about 
features  such  as  trim  changes,  control  harmonization,  behavic-ir  it  or  near  the  stall  and  pilot  workload 
to  achieve  the  manoeuvres  and  tasks  implied  by  the  users  specification.  O-r  other  preoccupation  has  been 
with  investigation  of  problem  areas  and  we  have  found  that  in  these  cases  .ue  requirements  documents  are 
of  limited  use  in  giving  guidance  on  acceptability. 
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Suaaarising  the  introduction  therefore  we  can  say  that  as  testers  we  have  written  guidance  on  the 
general  design  requirements  and  over  the  past  ten  years  this  has  been  of  limited  use,  because  of  the  sub¬ 
jective  nature  of  acceptance  testing.  In  the  real  cases  many  of  nur  acceptance  standards  are  based  on 
previous  experience  and  common  sense.  The  remainder  of  the  paper  will  be  devoted  to  the  examination  of 
the  present  requirements,  and  proposals  are  put  forward  for  making  these  requirements  more  useful  to  the 
flight  testing  authorities. 
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2.  HANDLING  QUALITIES  CRITERIA  IN  THE  UNITED  KINGDOM 

2.1  THE  PRESENT  STATS  OF  THE  UNITED  KINGDOM  REQUIREMENTS 


y 


In  the  United  Kingdom  it  is  acknowledged  that  the  Aviation  Publication  (Design  Requirements 
for  Service  Aircraft)  is  seriously  out  of  date  and  without  going  into  the  reasons  why  it  has  fallen  into 
this  state  it  is  sufficient  to  say  that  consideration  is  at  present  being  given  to  the  up-dating  of  the 
handling  qualities  requirements.  One  course  which  the  United  Kingdom  could  take  would  be  to  adopt  the 
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Military  Specification  for  the  handling  section  of  the  It.P. .  The  Mil.  Spue,  ie  an  admirable  document  in 
many  ways  and  clearly  a  great  deal  of  thought  and  effort  has  gone  into  the^ drafting  of  the  text.  For 
instance  requirements  are  classified  according  to  the  aircraft  role  (Class),  the  Job  being  done  (flight 
Phase),  and  how  well  the  Job  must  be  done  (Level  of  Control).  Since  there  are  four  claeaea,  three  flight 
phases  and  three  levels  of  control,  36  different  raluea  could  be  specified  for  a  given  flying  qualities 
parameter.  This  sort  of  breakdown  is  not  in  character  with  the  Av.P.  as  at  present  produced.  It  is 
likely  that  we  should  not  require  so  much  detailed  specification  because  we  believe  that  over-e pacifica¬ 
tion  leads  to  trouble.  Headers  will  undoubtedly  know  of  many  caaes  where  the  general  flying  qualities 
requiroaents  are  not  met  but  the  handl ing  characteristics  are  nevertheless  accepted  into  Service  without 
a  great  deal  cf  trouble. 


In  spite  of  the  above  comments  it  ie  very  likely  that  if  the  Av.P.  is  updated  the  experience 
value  contained  within  the  Mil.  Spec,  will  be  of  tremendous  help. 

2.2  THE  HATE  OP  OBSOLESCENCE  OP  FLYING  QUALITIES  REQUIREMHTCS 

At  the  time  of  writing  the  average  of  the  dates  of  the  elements  which  go  to  make  up  the 
Chapter  on  Plying  Qualities  in  the  Av.P.  is  I960.  Ths  equivalent  date  for  the  Mil.  Spec,  is  1969  and  that 
isaae  updated  the  1968  and  1954  issues.  In  America  therefore  it  must  be  assumed  that  between  1954  and  1968 
the  requirements  remained  the  same  and  since  many  excellent  aircraft  were  produced  between  1954  and  1968  the 
"out-of-dateness”  of  the  requirements  was  of  no  great  embarrassment. 


This  ia  not  too  surprising  in  the  context  of  fixed  wing  aircraft  with  control  columns,  rudder 
pedals,  throttles  and  human  pilots. 

In  the  paragraphs  which  follow  the  author  will  try  to  show  that  although  there  is  a  need  for 
up-dating  general  flying  qualities  requirements,  there  is  also  an  urgent  need  to  accumulate  data  on  specia¬ 
lised  role  requirements  and  requirements  associated  with  novel  design  features.  The  means  of  achieving  this 
aim  will  be  suggested. 

3.  THE  NEEDS  OP  FLIGHT  TEST  ESTABLISHMENTS  IN  TERMS  OF  ACCEPTABILITY  CRITERIA 
3.1  MEETING  THE  LETTER  AND  SPIRIT  OP  THE  SPECIFICATION 

As  suggested  in  the  introduction  acceptability  criteria  for  flying  qualities  are  of  use  to  the 
designer  in  deciding  the  characteristics  of  his  proposed  aircraft  and  are  of  use  to  the  tester  in  assessing 
the  capability  of  the  aircraft/pilot  combination  in  the  context  of  the  Service  specification.  In  the  ideal 
circumstances  of  a  wellvritten  Specification  which  defines  the  job  or  jobs  which  the  aircraft  has  to  do,  the 
testers  function  is  simply  to  ensure  that  the  "average  Service  pilot"  can  use  the  aircraft  to  do  the  task 
effectively  and  reliably.  As  a  rule  cost  effectiveness  is  a  consequence  once  the  effectiveness  of  the 
weapon  system  and  its  reliability  haa  been  proved.  In  addition  simplicity  and  reliability  tend  to  go 
together  and  it  is  these  qualities  which  are  assessed  at  the  test  establishment.  Figure  2  illustrates  the 
breakdown  of  aircraft  characteristics  under  the  general  headings  of  effectiveness  and  reliability.  If  the 
specifications  for  flying  qualities  have  any  purpose  for  the  flight  tester  they  are  there  to  ensure  a  sound 
basis  for  assessing  the  effectiveness  and  raliabil? ty  of  the  weapons  system  in  the  broadest  sense  of  the 
words. 


3.2  THE  RELATIONSHIP  BETWEEN  HANDLING  QUALITIES  SPECIFICATION  AND  THE  PLIGHT  TESTING  TASK 

It  is  proposed  under  this  heading  to  show  that  the  words  written  in  the  handling  qualities 
specification  and  the  major  tasks  of  acceptance  flight  testing  are  not  very  closely  related.  Prom  the  authors 
point  of  view  one  of  the  best  ways  of  doing  this  is  to  list  in  chronological  order  those  items  of  flight 
testing  which  have  tekn  up  the  major  pert  of  hia  10  years  flight  tost  experience.  The  following  items  are 
outstanding  in  the  memory  because  they  involved  relatively  long  periods  of  flight  testing,  much  discussion 
between  pilct3  and  technical  staff  and  close  and  frequent  liaison  with  the  manufacturer  an  unsatisfactory 
features  of  the  aircraft,  which  had  to  be  corrected  before  entry  into  Service.  Concentrating  only  on  the 
most  outstanding  items  the  list  is  as  follows: 

a.  Control  of  a  trainer  aircraft  in  circumstances  of  failure  of  one  of  its  control  systems. 

b.  Assessment  cf  the  a pinning  characteristics  of  a  trainer  on  which  there  was  an  unusually 
wide  variation  of  behaviour  in  tho  spin  under  nominally  identical  conditions. 

c.  Acceptsbility  of  an  auto-pilot  designed  to  operate  over  such  a  wide  range  of  height  and 
mach  number  that  optimisation  and  satisfactory  operation  under  all  conditions  proved  to  be 
▼e *7  difficult  to  attain. 

d.  Determination  and  proving  of  the  worst  caaes  for  inertia  coupling  for  a  family  of  air¬ 
craft  in  which  small  changes  of  configuration  produced  unduly  largs-  changes  in  behaviour. 

e.  Assessing  the  acceptability  of  the  low  speed  handling  qualities  of  a  neutrally  stable  or 
unstable  system  (V/STOL). 
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f.  Techniques  to  achieve  accuracy  of  touchdown  of  a  V/STOL  aircraft. 


g.  Manoeuvre  boundary  behaviour  characteristics  with  a  wide  range  of  external  stores  and 
marked  changes  in  behaviour  with  Mach  number. 

h.  Techniques  to  achieve  optimum  performance  of  a  STOL  aircraft. 

i.  Statistical  study  of  the  effect  of  handling  on  the  take-off  capability  particularly  in 
relation  to  free  take-off  from  aircraft  carriers. 
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j.  Pecularities  of  an  unusual  control  eyatem  with  cross  coupling  between  control  inputs  and 
motions  about  the  3  aircraft  axes. 


fc.  Operations  off  various  types  of  unprepared  .wufaces  where  definition  of  the  surface  and 
effwct  upon  handling  were  not  amenable  to  systematic  and  economic  testing. 


It  it,  these  sorts  of  aircraft  handling  characteristics  which  have  demanded  the  greatest 
attention  over  the  past  10  years.  Other  items  which  figure  large  in  the  handling  qualities  specifications 
such  as  static  stability,  stick  force  per  g,  short  period  oscillations,  trim  changes,  maximum  and  minimum 
speeds  have  demanded  very  little  attention  because  for  the  most  part  the  pilot  has  been  quickly  satisfied 
with  the  behaviour  and  if  we  had  then  referred  to  the  handling  qualities  requirements  we  should  have  found 
that  the  quantities  fel:  within  the  acceptability  boundaries. 


This  may  be  just  another  way  of  saying  that  our  designers  are  so  good  that  they  can  reproduce 
the  more  straightforward  control  and  stability  parameters  in  their  new  aircraft  without  great  difficulty. 

To  a  large  extent  this  is  true  because  knowing  human  pilot  capability  and  using  their  past  experience  and 
common  isrse  most  designers  can  produce  the  more  conventional  control  characteristics  to  the  complete 
satisfaction  of  the  pilot  and  the  achievement  of  the  task.  It  ia  in  the  fringe  areas  of  operation  where 
the  trouble  is  usually  found  and  it  is  in  just  these  areas  where  the  flying  qualities  specifications  are 
least  hel., 1-1. 


HAND! TNG  QUALITIES  CRITERIA  FOR  FUTURE  AIRCRAFT 

4.1  DATA  DERIVED  FROM  FULL  SCALE  SERVICE  OR  DEVELOPMENT  AIRCRAFT 


If  data  is  to  be  made  available  for  use  in  assessing  future  aircraft  then  clearly  something 
must  be  done  fairly  quickly  and  the  data  must  not  be  contentious  and  the  subject  of  endless  argument. 
Whereas  general  requirements  do  tend  to  be  contentious,  the  statement  of  facts  derived  from  existing  full 
scale  aircraft  tends  to  be  rather  less  so.  It  is  recommended  therefore  that  we  should  not  take  agglomer¬ 
ated  experience  from  many  sources  and  try  to  cryatalize  it  down  into  a  common  set  of  rules,  but  rather, 
take  specific  experience  from  the  paat  and  present  and  express  it  in  a  form  which  will  be  of  greatest  help 
to  the  designer  and  the  testing  authority. 


Considering  for  instance,  the  very  wide  range  of  V/STOL  aircraft  types.  Figure  3,  it  is 
unthinkable  that  particular  criteria  derived  from  each  of  these  types  can  form  a  satisfactory  general 
requirement.  On  the  other  hand,  data  derived  from  one  of  those  types,  for  example  facta  plus  pilot  ratings, 
could  be  of  enormous  value  to  the  testing  authority  who  were  concerned  with  a  similar  type  or  the  next 
logical  development  step. 


To  quote  an  example  AGARD  Paper  No.  408  Ref  1  (2nd  Draft  Revision  of  Handling  Qualities 
Criteria  for  V/STOL  aircraft)  paper  already  contains  far  too  many  contentious  requirements  and  it  is 
probable  that  the  authors  realise  its  shortcomings  because  they  do  quote  actual  data  from  a  nunber  of 
differing  STOL  aircraft. 


We  in  the  United  Kingdom  have  used  specific  da  la  from  full  scale  in  assessing  aircraft  both 
from  our  own  experience  and  more  importantly  the  experience  of  our  Research  Establishments  at  RAE  Bedford 
and  RAE  Famborough.  We  have  found  that  data  provided  by  these  establishments  has  been  essential  in  set¬ 
ting  acceptability  levels  for  the  rather  more  unusual  handling  characteristics.  We  find  at  these  estab¬ 
lishments,  the  individuals  who  know  the  subject,  the  reports  that  they  write  giving  assimilated  data  on 
handling  qualities,  and  we  find  also  the  technical  capacity  to  advise  on  the  more  immediate  problem?  which 
demand  individual  study.  This  work  is  within  the  terms  of  reference  of  the  research  establishments  hut  an 
occasions  we  know  that  it  has  been  an  embarrassment  to  them  to  devote  so  much  time  for  the  support  of  the 
test  establishment  at  the  expense  of  their  more  forward  looking  research  projects. 


4.2  HANDLING  QUALITY  DATA  DERIVED  FROM  SIMULATORS  AND  MATHEMATICAL  MODELS 


It  would  be  wrong  not  to  consider  the  function  of  simulators  and  mathematical  models  in  the 
establishing  of  the  means  for  obtaining  satisfactory  handling  qualities  at  full  scale.  In  the  author’s 
opinion,  however,  these  methods  are  no  substitute  for  the  full  scale  data  and  are  far  more  useful  in 
problem  solving  during  later  stages  of  development  or  in  very  basic  investigations  in  the  early  stages  of 
design  proposals.  It  is  realised  that  these  are  rather  sweeping  statements  which  can  be  contradicted  in 
particular  cases  but  it  would  be  inappropriate  to  enter  into  a  long  discourse  on  the  subject  of  simulators 
in  the  context  of  thi3  paper. 


5. 


CONCLUSIONS  AND  RECOMMENDATIONS 


In  view  of  the  above  the  author  would  like  to  recommend  that  some  of  the  present  trends  in  drafting 
handling  qualities  requirements  should  be  changed  and  the  following  specific  proposals  are  made. 


a.  The  more  general  handling  qualities  criteria  should  be  preserved  and  updated  provided  that 
the  updating  can  be  done  without  protracted  argument  between  the  manufacturers  and  the  procuring 
agency. 


b.  The  tendency  to  elaborate  these  doucaents  to  cover  all  cases  must  be  avoided  because  the  sub¬ 
ject  matter  then  becomes  contenious  and  it  takes  far  too  long  to  incorporate  the  proposed  amend¬ 
ments  in  the  document  and  the  applicability  becomes  increasingly  doubtful. 


c.  The  form  of  the  present  draft  documents  for  V/STOL  aircraft  ir.  inappropriate  because  of  the 
wide  variation  of  aircraft  configurations  and  the  techniques  involved  in  operating  them. 


d.  In  cases  where  generalisation  is  difficult  and  contentious,  specific  data  on  named  aircraft 
projects  should  be  made  available  in  a  suitably  assimilated  form  so  that  they  are  useful  both  to 
the  designer  and  the  flight  tester  of  aircraft  of  a  similar  configuration  or  operational  role. 
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e.  The  tendency  to  write  handling  qualities  criteria  into  the  Specification  of  the  aircraft  oust 
be  resisted  and  sore  attention  must  be  paid  to  specifying  the  operational  role  or  rolea. 

f.  Within  the  research  establiahrsnta  provision  suet  be  made  for  a  capacity  to  collate  factual 
data  on  handling  qualities  and  pilot  ratings,  for  immediate  use  by  the  flight  test  establiehaenta 
and  designers.  The  aim  shouli  be  to  present  factual  evidence  on  those  features  which  contribute 
to,  or  detract  froa,  the  operational  effectiveness  and  reliability  of  an  aircraft. 

g.  The  information  so  collated  should  form  the  complementary  documents  to  the  general  handling 
qualities  requirements  which  can  only  be  of  limited  application. 
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“LEAD  DISCUSSION 


by 

H.  Eisenlohr 

NATO  MRCA  Development  and  Production 
Management  Agency 
8  Kilnchen  86,  Germany 


To  bagin  Kith,  I  would  like  to  axpraaa  ay  appreciation  to  Mr.  Andrews  for  hie  very  interesting  paper  on 
flight  test  aspects  of  flying  qualities  requireaents.  The  author  has  pointed  out  in  a  rather  draaatic 
way  what  can  remain  of  requirements  and  criteria  once  the  aircraft  has  reached  the  flight  test  phase. 

May  I  try  to  highlight  some  of  the  points  made  and  perhaps  add  one  or  two  others. 

Handling  Qualities  Crltsria  in  the  U.K. 

The  author  has  mentioned  that  the  handling  qualities  chapters  of  AvP  970  are  being  updated.  Notwithstanding 
this  fact  and  without  trying  to  extrapolate  into  the  future  I  want  to  very  briefly  try  to  outline  eome 
principles  apparent  in  the  present  requirements. 

Similar  to  ML-F-8785,  AvP  970  uses  four  classes  of  aircraft,  and  further  distinguishes  between  a  defined 
primary  operational  envelope  and  the  remaining  part  of  the  flight  envelope.  The  backbone  of  the  handling 
or  flying  qualities  part  of  AvP  970  is  a  set  of  basic  requirements  -  e.g. ,  static  stability,  attenuation 
ratios  for  longitudinal  motions,  and  somewhat  broader  requirements  for  the  lateral  directional  modes.  These 
are  amplified  by  a  large  number  of  recoamendations  to  the  designer,  to  guide  him  on  the  acceptability  of 
his  product,  to  point  out  difficulties  he  sight  encounter  or  even  to  indicate  means  to  avoid  them.  Further- 
store,  reference  is  made  to  a  large  number  of  technical  reports  giving  the  official  research  establishments' 
views  on  the  subject.  In  the  introduction  to  a  leaflet  on  general  flying  qualities  we  find  the  following 
sentence: 

"The  designer  is  responsible  for  the  complete  operational  weapon  and  must  therefore 
ensure  that  the  stability  characteristics  of  the  aeroplane  match  the  equipment 
and  armament  carried." 

Two  points  seem  to  be  remarkable  in  this  statement: 

-  the  emphasis  on  design  responsibility  of  the  aircraft  manufacturer,  and 

-  the  stability  characteristics  are  seen  strictly  in  the  context  of  tasks  to  be  performed. 

Many  recoamendations  of  AvP  970  are  operational  in  nature  and  rather  qualitative  than  quantitative,  making 
it  often  difficult  to  draw  direct  comparisons  with  other  requirements  such  as  those  in  MIL-F-8785.  But 
despite  the  relatively  high  average  age  of  these  recoamendations,  this  nature  has  helped  to  preserve  some 
of  them  surprisingly  long.  On  the  other  hand,  it  may  also  have  contributed  to  the  fact  that  not  many  of 
them  survived  to  the  flight  test  stages. 

Handling  Qualities  Criteria  for  Future  Aircraft 

The  usefulness  of  past  experience  for  new  projects  is  self  evident,  be  it  in  the  form  of  a  collection  of  . 
date  on  handling  Qualities  parameters  and  pilot  ratings  or  in  the  data-reduced  form  of  criteria,  backed 
up  by  or  originating  from  theoretical  analyses  and  simulator  work.  Doth  are  needed  to  gain  a  better 
understanding  of  the  mechanisms  involved,  which  will  then  enable  us  to  improve  the  written  requireaents. 

One  of  the  difficulties  which  makes  this  area  contentious  on  occasions  may  originate  from  the  fact  that 
experience  is  subjective  per  se,  sometimes  difficult  to  reproduce  and  not  always  freely  axchangeaole. 

The  author's  suggestion  to  create  more  capabilities  to  collate  factual  data  on  handling  qualities  must 
therefore  be  welcomed. 

International  programmes  force  the  participating  Nations  to  reconsider  their  requirements  in  the  light  of 
experiences  gained  elsewhere  and  to  jointly  agree  on  a  coamon  set  of  standards,  at  least  for  one  project. 
This  is  by  no  means  a  simple  exercise,  but  an  impact  of  differing  National  requirements  and  principles 
will  then  be  likely,  and  this  is  one  more  area  where  such  Joint  programmes  have  a  truly  integrating 
character. 

I  would  like  to  add  two  observations  to  those  in  the  paper.  Mr.  Andrews  points  out  that  existing  specifi¬ 
cations  should  be  augmented  and  backed  up  by  data  on  "effectiveness"  and  "operational  reliability".  From 
the  headings  listed  under  these  titles  in  Figure  2  it  seems  that  subjects  like  "controllability  as  a 
weapons  platform",  "insensitivity  to  turbulence"  and  ^canoeuvrebility  in  combat,  attack  or  aerobatics"  are 
accessible  to  at  least  empirical  treatment  and  have  been  approached  in  such  a  manner  in  the  past,  although 
of  course  for  manoeuvrability  in  combat  there  are  inputs  not  under  the  control  of  the  handling  Qualities 
engineer,  like  SEP  and  buffet  boundaries,  which  are  of  paramount  importance. 

On  the  other  hand,  to  my  knowledge  no  criteria  or  data  are  readily  available  on  "operational  reliability", 
which  must  be  regarded  as  belonging  to  handling  qualities  in  rather  a  wider  sense.  Most  aircraft  or  sub¬ 
system  specifications  quote  values  for  reliability,  failure  rates,  defect  rates,  etc.,  tc  be  calculated 
using  some  schematic  set  of  component  values,  like  the  REE  data.  Apparently  these  cannot  give  a  true  and 
complete  picture  of  the  aircraft  system's  operating  qualities.  But  terms  like  "ruggedness"  or  "simplicity" 
are  difficult  to  grasp  and  extensive  service  experience  certainly  is  required  to  assess  such  Qualities.  It 
would  be  interesting  to  hear  what  data  is  available  and  whether  some  sort  of  systematic  approach  is  thought 
to  be  possible  to  the  complex  of  "ops rational  reliability". 

Secondly,  in  his  conclusions  Hr.  Andrews  recommends  that  more  attention  should  be  paid  to  specifying  the 
operational  roles  of  an  aircraft.  This  in  principle  is  desirable  because  an  aircraft  is  part  of  a  system 
designed  for  a  given  task.  However,  sets  of  operational  requireaents,  often  involving  different  types  of 
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equipment  or  weapons,  arc  sometimes  difficult  to  express  in  engineering  terms  because  there  are  more 
variables,  or  only  partially  known  factors  in  this  triangle  consisting  of  the  pilot,  airframe  and 
operational  eouipment,  than  can  be  coped  with  to  give  a  unique  or  workable  answer. 

At  the  other  extreem,  overepecification ,  that  is  trying  to  design  the  aircraft  by  specifications,  is 
firstly  difficult  to  achieve  and  secondly  has  adverse  effects  on  the  contractor.  For  instance. 

Nr.  Barnes  night  be  tempted  to  undertake  something  ndicbolical".  The  only  way  to  sake  specifications 
work  will  be  by  close  contact  between  the  nanufseturer  and  the  procuring  agency,  and  KH-F-8785 
provides  a  good  basis  for  this. 
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OPEN  DISCUSSION 


A.D.  Uood,  NRC/HAE,  Canada 

It  may  be  helpful  to  recall  the  distinction  sometimes  made  between  "criteria"  on  the  one  hand  and 
"requirements"  and  "specifications"  on  the  other. 

If  this  distinction  is  made  "criteria"  may  be  regarded  as  providing  the  best  available  guidance 
to  designers  on  how  to  ensure  good  handling  qualities.  The  criteria  may  be  elaborate  or  otherwise  and 
probably  change  with  time,  but  have  no  contractual  connotations. 

"Requirements"  and  "specifications"  entail  demonstrations  of  compliance.  If  these  are  extremely 
detailed,  then  Andrews'  concern  may  be  justified.  Possibly,  they  would  be  better  either  reduced  to  a 
minimum  of  essentials  or  alternatively  graded,  with  contentious  items  subject  to  liberal  interpretation 
during  demonstration. 


E 


S.J.  Andrews,  A&AFE,  UK 

We,  in  the  testin?  field,  would  certainly  welcome  the  criteria,  because  it  does  enable  us  to 
assess  the  nature  of  the  task  that  we  have  to  deal  with  and  also  helps  to  anticipate  where  we  have  to 
put  our  greatest  effort.  What  is  needed  in  ouv  business  is  to  know  the  origin  of  the  points  of  accep¬ 
tability  so  that  we  are  not  operating  from  clouds  of  these  points  but  from  something  which  can  tell  us 
how  our  new  case  differs  from  the  old  one. 

Prof.  X.  Hafer,  Tech.  Univ.  Darmstadt,  Germany 

The  acceptability  rules  in  common  use  you  give  in  Figure  1  are  valid  for  airplanes  with  all  aug¬ 
mentation  systems  on.  Besides  this,  the  designer  needs  data  of  criteria  for  operations  with  systems 
failures. 

J.  Scott-Wilson,  Hawker  Siddeley,  UK 

There  is  a  critical  interface  between  handling  and  performance.  It  is  the  performance  Issues  that 
are  usually  the  critical  commercial  ones.  Therefore  the  related  handling  requirements  want  to  be  as 
specific  as  possible  -  quantified  requirements  not  criteria  dependent  solely  on  pilot  opinion.  As 
an  example,  minimum  control  speed  following  engine  failure  for  a  twin  engined  aircraft  is  defined  in 
British  Civil  Airworthiness  Requirements  in  terms  of  change  of  heading,  vertical  bank  and  pedal  force. 
These  can  be  measured  and  are  independent  of  pilot  opinion.  If  VmcA  depended  on  pilot  rating  assessment 
only,  there  would  be  a  totally  unsatisfactory  position.  In  rewriting  AvP  970  may  we  keep  requirements 
for  performance  related  handling  like  this? 

J.T.  Gallagher,  Northrop  Corp,  USA 

Both  Northrop  and  McDonnel-Douglas  are  in  the  process  of  checking  aircraft  against  the  intent  of 
8785B.  Northrop  is  investigating  F-5  and  McDonnell  is  investigating  the  F-4  series.  In  both  cases,  the 
aircraft's  shortcomings  are  covered  by  8785  and  in  general  8785  is  a  good  design  guide  for  fighter  air¬ 
craft.  In  summary,  conclusion  (d)  in  Mr.  Andrew's  paper  is  being  taken  care  of. 
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SUMMARY 

The  need  for  flexibility  and  change  of  Federal  Aviation  Regulations 
to  accommodate  new  designs  and  innovations  to  flying  vehicles  is  an  ever- 
increasing  and  complex  situation.  The  current  philosophies  and  projected 
difficult  arens  associated  with  airplane  handling  qualities  are  discussed 
in  this  paper.  The  subject  is  not  intended  to  be  covered  as  to  tbe 
specific  conditions  or  types  of  airplanes  but,  rather,  to  cover  the  qual¬ 
itative  evaluation  needs  for  determining  compliance  with  the  existing 
airworthiness  rules.  Recognizing  that  aircraft  development  and  capability 
is  an  ever-improving  science,  the  relationship  of  Federal  rulemaking 
procedures  to  the  application  of  judgment  in  the  requirements  to  produce 
timely  and  adequate  determinations  of  compliance  is  discussed  with 
consideration  of  complex  control  systems  and  rapidly-expanding  flight 
envelopes . 


Airplane  flying  qualities  written  requirements  are,  by  necessity,  behind  the  advancement  of  modern 
designs,  require  constant  revision  and,  usually,  are  developed  from  actual  exposure  in  flight  testing  and 
research  projects.  Perhaps  a  brief  review  of  our  rulemaking  process  is  in  order  to  establish  the  time 
scale  for  revisions  and  amendments.  First,  a  need  for  a  change  must  be  apparent.  This  usually  results 
from  design  review  of  a  new  vehicle,  qualitative  assessment  of  the  test  article,  or  a  similar  design, 
and  experience  gained  from  service  difficulties,  military  operation  of  new  designs  and  research  programs. 

Once  a  test  is  developed  and  commented  upon  internally  by  the  FAA,  it  is  submitted  as  a  notice  of  proposed 
rule  making  by  the  FAA  to  the  public  for  comment.  Upon  completion  of  this  phase,  careful  evaluation  is 
given  to  these  comments  and  suitable  revisions  made  to  the  content  and  ultimately  an  amended  or  new  rule 
is  published. 

Obviously,  with  these  procedures  for  rulemaking,  time  is  consumed  beyond  the  needs  of  an  active  « 

certification  project.  With  each  new  and  modern  design,  the  flying  qualities  requirements  become  more  3 

complex  because  of  complication  of  control  systems,  stability  augmentation  devices  and  substantial  j 

increases  in  operational  er. "elopes  of  weight,  speed,  and  altitude.  Fortunately,  to  the  present  time,  ."] 

many  anticipated  and  predicted  problem  areas  have  been  found  to  be  minimal  or  nonexistent  in  actual  flight  ? 

testing.  Examples  of  these  areas  are  high-inertia  effects  upon  response  characteristics  very  large  ~ 

transports  and  operation  "behind"  the  drag  curve  during  approach  with  aircraft  incorporc ug  high-lift  • 

devices  or  being  of  low  aspect  ratio.  i 

In  view  of  these  comaents,  the  certification  of  modern  transports  in  the  flying  qualities  area  have  1 

presented  some  administrative  problems  involving  timely  updatings  of  Federal  Aviation  Regulations  (FAR) 

which  have  been  handled,  usually  on  an  equivalency  basis  or  special  conditions  for  certification.  ; 

Satisfactory  level  of  safety  findings  are  provided  in  this  .fanner.  These  actions,  where  appropriate,  arc  « 

used  for  proposed  amendments  to  the  airworthiness  rules.  Equivalent  safety  findings  are  authorized  under  . 

the  provisions  of  FAR  21,  Certification  Procedures  for  Products  and  Parts.  Special  condition  procedures  : 

are  contained  in  paragraph  21.16  of  the  same  Federal  Aviation  Regulation  Part.  i  ' 

Seme  current  and  anticipated  flying  qualities  problems  in  civil  airplanes  are  essentially  centered  , 

around  specific  areas  and  are  as  follows:  , 

1.  Minimum  speed  or  maximum  angle  of  attack  characteristics  of  airplanes  which  do  not  possess 

a  classic  stall  or  break  in  the  lift  curve.  i 


2.  Required  damping  levels  for  dynamic  stability  considering  departures  from  known  designs, 
large  moments  of  inertia,  relatively  long  natural  short-period  frequencies  and  aeroelastic 
flexibility  of  slender  fuselages. 

3.  Complex,  irreversible  control  systems  with  the  incorporation  of  stability  augmentation  with 
significant  authority  and  their  failure  effects. 

4.  Variable  center  of  gravity  (in-flight)  by  means  of  fuel  transfer  and  the  related  flight 
characteristics  for  supersonic  transports. 

5.  Stability  requirements  for  airplanes  which  possess  "attitude  stability"  rather  than  classic 
static  longitudinal  stability. 

6.  Low-speed  steep  gradient  approach  characteristics  of  STOL  airplanes. 
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7.  Maneuvering  requirements  throughout  the  operational  envelope  for  initial  clinb,  subsonic  and 
transonic  cruise,  supersonic  operation,  recovery  from  departures  from  desired  flight  paths 
due  to  outside  Influences  and  during  the  approach  phases  of  flight. 

8.  Flight  characteristic  minimums  for  general  (light)  category  airplanes  as  related  to  average 
pilot  proficiency. 

9.  Required  level  of  flight  characteristics  uhleh  may  be  modified  by  means  of  improved  flight 
path  guidance  systems. 


These  topics  will  be  discussed  individually  with,  where  feasible,  our  proposed  methods  of  treating  them. 
Minimum  Speed  or  Maximum  Angle  of  Attack  Characteristics 

New  designs,  including  slender  delta  planforms,  extremely  large  and  heavy  aircraft  and  those  incor¬ 
porating  high-lift  devices  or,  in  some  cases,  direct  lift  control,  reasonably,  may  require  new  concepts 
and  evaluations  to  be  substituted  for  the  characteristics  normally  associated  with  classic  stalls.  High 
thrust  to  weight  ratios  combined  with  high-pitch  attitudes  such  as  some  SST  designs  Introduce  a  new 
variable  of  substantial  contribution  in  lift  from  the  resultant  vector  of  thrust.  If  the  point  of  minimum 
speed  is  not  recognizable  by  downward  pitching  or  other  acceptable  inherent  aircraft  characteristic,  the 
point  must  be  clearly  and  easily  identified  by  the  pilot  follcwing  suitable  warning  of  the  approach  to 
this  in-flight  limit.  Control  systems,  primarily  in  pitch,  must  also  have  the  capability  to  permit  the 
pilot  without  using  exceptional  skill,  to  discontinue  the  approach  to  handle  the  airplane  at  and  recover 
from  the  minimum  flight  speed  condition  into  normal  flight.  Problems  present  themselves  in  these 
investigations  in  the  level  of  thrust  to  be  used  and  the  reasonable  limit  in  nose  high-pitch  attitude  for 
high  thrust  to  weight  (T/W)  ratios  and  the  allowable  sink  rates  for  very  low  T/W.  We  are  of  the  opinion 
that  the  present  required  thrust  levels  for  characteristics  investigations  of  aircraft  without  classic 
stall,  to  be  of  sufficient  range  to  include  with  a  margin,  those  expected  in  operation.  However,  it 
seems  unreasonable  to  investigate,  for  a  performance  baseline,  idle  thrust  at  maximum  takeoff  weight  for 
a  slender  delta,  for  instance,  or  maximum  takeoff  thrust  at  minimum  weight  for  high  T/W  aircraft.  In 
other  words,  regulations  must  recognize  advancements  in  airplane  designs  which  raise  performance  levels, 
increase  airplane  weights  to  the  possible  million-pound  levels,  or  become  classically  unstallable  because 
of  lift  curve  characteristics  hich  are  unique  to  previous  civil  aircraft.  Modifications  to  the  Federal 
Aviation  Airworthiness  Regulations  are  required.  Proposals  for  these  changes  are  contained  in  the 
United  States  Tentative  Airworthiness  Standards  for  supersonic  transports. 

Dynamic  Stability  Characteristics 
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Many  research  programs,  including  in-flight  and  ground-based  simulators,  analysis  of  experimental 
aircraft  testing,  and  analytical  mathematic  studies  have  been  devoted  to  the  complex  area  of  dynamic 
stability.  Essentially  and  specifically,  the  Federal  Aviation  Regulations  (FAR)  simply  state:  "FAR 
25.181,  Dynamic  Longitudinal,  Directional,  and  Lateral  Stability.  Any  short  period  oscillation  occurring 
between  stalling  speed  and  maximum  allowable  speed  appropriate  to  the  configuration  of  the  airplane,  (for 
example,  Vfe,  Vug,  or  Vfc/Mfc)  must  be  heavily  damped  with  the  primary  controls  (1)  free  and  (2)  in  a 
fixed  position."  FAR  23.181  of  the  same  title  for  small  aircraft  essentially  reads  the  same.  Judgment 
and  equivalent  safety  findings  become  imperative  when  applying  this  rule  to  all  categories  of  airplanes. 
For  an  example,  very  large  and  high-inertia  airplanes  with  relatively  long  natural  short-period  frequen¬ 
cies,  if  "heavily"  damped,  may  become  unflyable,  or  nearly  so,  especially  in  the  approach  phase  of  flight. 
If  damping  is  high  in  these  cases,  the  pilot  finds  great  difficulty  in  correcting  the  flight  path  or 
maneuvering.  Research  studies  show  a  pilot  acceptance  and  desire  for  very  lot-:  damping  in  these  cases, 
especially  in  longitudinal  axis;  otherwise,  over  control  with  checking  is  required  l?  satisfactorily 
achieve  the  desired  flight  path.  Likewise,  in  the  lateral  directional  short  period,  osculations  commonly 
known  as  "Dutch  roll,"  are  the  roll  to  yaw  ratio,  coupling  effects  with  the  spiral  mode,  the  particular 
roll  time  constant,  and  the  natural  undamped  frequency  of  the  oscillation  are  of  significant  importance. 
High  roll  to  yaw  ratio  affects  adversely  the  pilot  capability  to  properly  control  the  airplane.  The  other 
effects,  such  as  coupling,  are  complex  and  roust  be  considered.  It  is  obvious  that  if  the  natural  freq¬ 
uency  falls  into  the  pilot-induced  oscillation  (PIO)  area,  any  undamped  or  weakly-damped  oscillation  will 
become  unacceptable  and,  conversely,  if  the  frequency  is  of  suitably  long  period,  the  pilot  can  easily 
cope  with  it.  When  stability  augmentation  is  installed,  as  in  roost  modern  swept -wing  or  delta  airplanes, 
new  and  different  problems  arise.  Without  proper  gain  tailoring ,  washout  time  periods,  or  improper 
authorities,  these  artificial  dampers  interfere  with  turn  coordination  and,  in  the  case  of  pitch  or  roll 
dampers,  they  react  in  a  manner  such  that  the  pilot  must  overcome  their  operation  during  normal  maneuver¬ 
ing.  The  message  in  these  conments  is  that  the  terms  of  the  regulatory  language  "heavily  damped"  are 
satisfactory  for  a  Federal  law,  but  far  too  simple  for  application  to  these  complex  airplane  motions. 


Powered  and  Irreversible  Control  Systems 


In  tiroes  oast,  many  unsatisfactory,  as  well  as  desirable  flying  qualities,  could  be  directly  attributed 
to  direct  linked  controls  to  the  pilot,  flying  tab  operated  surfaces,  manual  trim  systems,  and  the  lack  of 
stabilizing  surfaces  of  enough  area  to  provide  needed  stability.  The  deficiencies  are  well  known  of  these 
systems,  i.e.,  increased  pilot  effort  required  as  aircraft  become  larger  and  faster,  ineffective  control 
due  to  flow  separation  on  tabs  at  high  Mach  numbers,  stabilizer  trim  authority  versus  elevator  power, 
control  surface  floating  with  airplane  motion,  and  performance  and  resulting  economic  penalties  from  the 
wetted  drag  area  of  large  stabilization  surfaces.  Mew  aircraft  and,  certainly,  future  airplanes  possess 
powered  control  systems  with  which  new  and  unique  handling  qualities  problems  appear.  Civil  regulations 
roust  be  upgraded  to  cater  to  these  problem  areas.  Paramount  consideration  involves  reliability  and 
failure  effects.  This  regulatory  area  must  express  a  need  for  thorough  evaluation  to  assure  a  level  of 
safety  required  for  coraercial  air  transportation.  To  the  FAA  compliance  test  pilot,  these  new  control 
systems,  in  relation  to  handling  qualities,  manifest  themselves  into  tailored  control  feel,  artificial 
control  centering,  possible  changes  in  lag  or  hysteresis,  proportional  friction,  unusual  rates  of  surface 
movement,  control  surface  activities  from  augmentation  systems  which  are  not  apparent  in  cockpit  control 
movement,  increased  control  power,  and  the  magnitude  of  changes  in  flying  characteristics  following 
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failures.  In  most  cases,  the  use  of  powered  controls,  though  required  to  provide  sufficient  "muscle"  to 
properly  control  the  airplane,  increase  the  designer's  capability  to  tailor  the  total  system  to  pilot 
desires  in  forces,  rates  and  harmony.  With  probable  failures,  however,  the  airplane  usually  will  exhibit 
greater  departures  from  the  normal  flying  characteristics  unless,  of  course,  redundancy  provides  fail 
operational  conditions. 

In-flight  Variation  of  Center  of  Gravity 

With  the  advent  of  the  supersonic  transport,  another  new  approach  to  efficiency  and  controllability 
has  been  taken.  Fuel  transfer  center  of  gravity  (eg)  control  has  been  an  accepted  practice  with  military 
supersonic  aircraft  for  some  time,  but  it  is  new  in  the  civil  airworthiness  field.  The  purpose  of  such 
systems  is  to  provide  less  trim  drag  at  supersonic  speeds  where  the  center  of  pressure  moves  aft.  Without 
establishment  of  a  supersonic  eg,  substantial  trim  is  required  in  the  airplane  nose-up  direction  which  not 
only  produces  a  liigh-drag  condition  (reduced  range),  but  also  reduces  the  longitudinal  control  available 
for  maneuvering.  The  optimum  eg  for  supersonic  cruise  is  usually  near  or  aft  of  the  static  and  maneuver¬ 
ing  neutral  point  for  subsonic  flight.  These  conditions  bring  on  new  handling  quality  considerations. 

Either  reliability  of  high  integrity  is  necessary,  or  failure  effects  testing  for  stability  and  control 
are  in  order. 

Static  Longitudinal  Stability  Requirements 

Present  airworthiness  rules  (FAR  25)  for  stability  are  simple  in  nature  and,  in  a  strict  compliance 
sense,  may  be  highly  undesirable  for  future  aircraft  such  as  supersonic  transports  and  questionable  as  to 
need  for  present  day  aircraft.  Discussions  have  taken  place  referring  to  terms  such  as  "attitude  stability" 
as  a  substitute  for  conventional  static  longitudinal  stability  with  a  quantitative  minimum  speed  versus 
stick  force  slope.  Precise  flight  path  control  without  continual  pilot  correction  is  the  ultimate  aim  in 
this  area,  and  there  may  be  more  acceptable  ways  to  achieve  this  than  as  presently  written  in  our  require¬ 
ments.  We  are  actively  engaged  in  simulator  and  flight  research  programs  in  the  stability  and  control 
areas  such  as  these.  A  clearer  understanding  of  the  term  "attitude  stability"  may  be  gained  by  consider¬ 
ing  our  present  airplanes  which  utilize  a  "stick  steering"  feature  of  an  autopilot,  wherein  the  airplane 
maintains  an  attitude  or  other  reference  until  otherwise  commanded  by  the  pilot.  Following  a  pilot 
command,  the  airplane  is  established  in  a  new  trim  position  and  has  no  tendency  to  return  to  the  original 
trim  point.  Outside  or  environmental  influences  do  not  affect  the  trim  point  but,  in  a  classic  sense, 
the  airplane  does  not  exhibit  static  longitudinal  stability,  except  as  related  to  the  pilot  being  required 
to  institute  an  input  in  the  proper  sense  to  change  the  flight  path. 

Low  Speed  Steep  Gradient  STOL  Airplanes 

A  new  generation  of  airplanes,  employing  powered  lift  and  capable  of  short  field  operation,  are 
receiving  national  attention  at  this  time.  Again,  these  are  new  designs  utilizing  new  and  unique  design 
innovations  specifically  developed  for  small  takeoff  and  landing  areas.  Population  concentrations  and 
short  route  requirements  have  initiated  an  economic  need  for  these  transportation  vehicles.  Quite  sensibly, 
the  short  field  lengths  to  be  operational  in  a  congested  area,  dictate  a  steeper  than  usual  takeoff  and 
landing  flight  path  to  properly  clear  obstacles  and,  also,  employ  relatively  low  speeds  to  accommodat - 
the  shorter  ground  distances.  The  failure  effects  of  these  designs  must  be  considered.  It  is  anticipated 
that  safety  considerations  such  as  minimum  control  speed  with  engine  failure,  and  flight  path  guidance 
system  failures  in  poor  weather  will  pose  new  problems  or  require  designed  protection.  Flying  qualities 
also  pose  new  considerations.  Gusts,  turbulence,  crosswind,  wind  shear  effects  are  amplified  because, 
with  average  conditions,  they  present  a  much  higher  proportional  disturbance  when  related  to  vehicle 
velocity.  Control  effectiveness,  coupling  of  lateral  directional  stability  modes  and  maneuverability  at 
low  dynamic  pressures  and  with  large  thrust  contributions  to  lift  and  control,  all  become  paramount 
handling  qualities  areas  for  review  and  standards  development. 

These  arc  special  purpose  vehicles  which  are  selectively  designed  to  operate  between  the  helicopter 
and  the  normal  fixed-winged  flight  regimes.  Power-off  stall  speed,  though  a  flight  characteristic  inves¬ 
tigation  item,  no  longer  may  be  used  as  a  performance  or  safety  baseline.  We  are  tentatively  developing 
airworthiness  standards  for  these  airplanes.  We  are  grateful  for  the  contributions  of  the  industry, 
military,  operating  organizations,  and  others  in  this  task. 

Maneuvering  Requirements 

Other  than  general  references  to  controllability,  present  U.S.  civil  rules  do  not  specify  a  level  of 
required  maneuverability  or  the  characteristics  involved  in  obtaining  it.  Required  maneuverability  varies 
with  the  particular  use  of  the  airplane,  the  operational  envelope  and  its  individual  characteristics.  In 
actual  practice,  the  operational  pilot  cannot  sense  the  values  involving  pitching  moments  at  various 
angles  of  attack.  Of  prime  concern  to  the  pilot  is  his  capability  to  adjust  his  flight  path  for  collision 
avoidance,  upset  recovery,  and  to  handle  environmental  effects  in  initial  climb  after  takeoff,  and  during 
the  landing  approach  and  flare.  Maneuvering  the  airplane  in  normal  flight  basically  involves  a  measure  of 
the  effective  static  stability  for  the  short  period  airplane  motions,  control  system  effectiveness,  and 
the  linearity  or  nonlinearity  of  the  pilot's  longitudinal  control  force  to  normal  acceleration  (Fs/g). 

The  latter  of  these  measures  are  of  importance  because,  at  forward  C.G.  the  forces  must  be  linear  and  low 
enough  to  allow  the  pilot  (in  most  cases  with  one-handed  effort)  to  properly  maneuver  and  at  aft  C.G.  to 
be  linear  and  be  high  enough  to  eliminate  the  concern  of  overstressing  the  airplane  on  induce  undesired 
oscillations.  We  all  know  these  forces  have  varied  in  level  over  the  years,  from  the  extremes  of 
absolutely  necessary  two-handed  landing  flare  in  some  of  our  early  four-engine  piston  transports  to 
extremely  light  force  requirements  in  cruising  flight  of  our  later  jet  transports.  The  manufacturer 
cannot  vary  the  natural  short  period  frequency  of  an  individual  airplane,  but  he  can  design  the  powered 
control  system  and  where  installed,  the  supplementary  augmentation  systems,  to  produce  the  desired  airplane 
response  and  maneuverability  in  nearly  all  cases.  Problem  areas  that  may  develop  with  this  concept  are 
the  extremely  tight  places  for  control  system  actuators  which  will  develop  enough  muscle  to  move  the 
surfaces,  hysteresis  and  friction  resulting  from  extreme  length  of  connecting  systems  from  pilot  controls 
to  the  actuators  and  the  various  failure  effects  of  components  within  the  systems. 


We  are  moving  Into  new  phases  of  flight,  requiring  advanced  thinking  and  systems  to  cope  with 
supersonic  operation  and  also  with  extremely  low  speed  steep  approach  flight  conditions.  These  extend 
and  complicate  our  control  systems  for  maneuvering  the  airplane  in  an  acceptable  mannei . 


Acceptable  Flight  Characteristics  for  Small  or  General  Category  Airplanes 


A  dramatic  advancement  has  come  about  in  this  category  of  flying  vehicles  in  the  past  few  years. 

The  old  baseline  generated  around  the  Piper  Cub  and  other  airplanes  of  that  type.  In  the  present-day, 
many  of  our  new  light  airplanes  fly  easily  in  operational  envelopes  not  unlike  those  of  World  War  II 
fighters  and  in  the  case  of  some  high-performance  turbine-powered  machines,  up  to  and  very  nearly  super¬ 
sonic  flight.  We  cannot  ignore  the  private  airplane  which  is  now  in  vast  numbers  and  operates  in  the 
same  airspace  as  our  cotanercial  jet  transports  with  comparable  complexity  of  systems.  One  area  to  be 
considered  in  the  handling  qualities  of  these  airplanes  is  the  basic  premise  that  these,  in  a  large  per¬ 
centage,  are  operated  by  airmen  of  average  pilot  skill  and  in  some  cases  by  persons  of  low  experience 
level  and  dubious  continuing  proficiency.  This  means  for  the  general  aviation  case,  he  must  be  provided 
with,  if  not  a  "forgiving  airplane,"  an  airplane  which  is  relatively  easy  to  fly.  Consistent  with  this 
concept,  a  continuing  upgrading  of  airworthiness  requirements  is  necessary  without  unnecessary  economic 
hardship  on  the  small,  uncomplex  airplane  manufacturer  and  operator. 


Low-speed  handling  qualities  including  stall  characteristics,  minimum  control  speed  with  one  engine 
inoperative  in  the  multiengine  airplanes,  and  general  flying  qualities  are  of  paramount  concern  in  the 
safety  aspects  of  airworthiness  in  these  vehicles.  Some  years  ago,  we  dropped  the  severe  spinning 
requirements  in  deference  to  good  stall  characteristics,  and  a  tightening  of  the  evaluation  for  inadvertent 
spinning  tendencies.  This,  in  conjunction  with  other  characteristics  related  to  average  pilot  skill,  have 
produced  an  acceptable  safety  record. 

High  speeds  are  also  attained  with  some  of  these  airplanes  which  has  brought  on  requirements  for 
investigation  of  Mach  number  effects,  overspeed  warning  systems,  and  more  complex  flutter  analysis. 


Flight  Path  Guidance  and  Flight  Characteristics 


The  new  flight  director  displays  and  innovations  ir.  flight  path  guidance  are  not  a  substitute  for 
satisfactory  handling  qualities,  but  they  do  provide  a  valuable  contribution  to  reduction  of  pilot  work¬ 
load  and  improve  his  ability  to  detect  deviations  from  1.1s  desired  flight  path.  An  example  of  these 
advancements  is  the  amplified  scale  of  the  pitch  attituce  indicator  for  supersonic  transports.  The  result¬ 
ing  readability  for  flight  phases,  such  as  takeoff  rotation,  allows  the  pilot  to  precisely  set  pitch 
attitude  to  assure  performance.  Measurements  to  a  half  of  a  degree  are  important  in  this  phase  of  flight, 
if  acceptable  margins  for  safety  are  to  be  maintained  with  practical  limits  on  economical  operation  from 
existing  runways.  When  you  analyze  why  this  is  true,  you  find  new  departures  in  handling  qualities 
related  to  performance.  The  lift/drag  characteristics  of  these  machines,  coupled  with  the  necessarily 
high  thrust-to-weight  ratios  to  obtain  supersonic  flight  places  the  airplane  in  an  operational  area  where 
it  is  extremely  sensitive  to  pitch  attitude  and  speed  variations  with  an  engine  failure.  With  proper 
failure  protection  of  these  guidance  devices,  we  must  consider  their  contribution  t<~  the  overall  handling 
qualities  picture. 


Civil  regulations  within  the  terms  of  the  Federal  Aviation  Act  must  contain  minimum  standards  for 
safety.  These  standards  should  be  general  in  nature  so  as  to  nut  inhibit  advanced  designs  and  only 
specific  enough  to  provide  for  a  degree  of  consistency  in  their  application.  Military  standards  are  often 
quoted  in  the  context  of  safety  standards,  however,  it  must  be  recognized  that  they  have  a  much  more 
complex  objective.  Military  specifications  are  basically  design  standards  oriented  to  military  mission 
requirements.  It  is  a  common  practice  to  waive  or  deviate  from  those  standards  without  specific  regards 
t  economics.  Commercial  airplanes  on  the  other  hand  must  consider  economics  in  a  competitive  sense.  It 
becomes  the  responsibility  of  FAA  safety  inspectors  to  assure  that  the  intent  of  the  Federal  Aviation 
Regulations  has  been  met.  This  requires  close  coordination  and  policy  guidance  to  obtain  equal  treatment 
between  applicants.  Flexibility  is  a  must  to  obtain  the  required  safety  level  and  have  a  practical  and 
viable  comnercial  airplane.  Research  programs,  study  of  existing  and  new  designs,  and  good  judgment  are 
required  to  attain  this  goal. 


5*^*.*  w^tfjv/  •~v-^,.,r<^V’Cf-rj>'»  <'^vw-^ 


LEAD  DISCUSSION 
by 

J.F.  Renaudle 
Centra  d'Easais  an  Vol 
92  Brdtigny-aur-Orge ,  France 


After  the  vary  interesting  paper  by  Messrs.  Sliff  and  LeSuer  which  covers  very  completely  a  very  broad 
subject  and  gives  a  very  clear  view  of  a  very  complicated  question,  there  is  no  need  to  add  ay  own 
interpretations.  I  will  only  open  the  discussion  by  raising  one  major  question  and  three  minor  ones. 

Major  Question:  Mr.  Sliff  pointed  out  that  progress  in  coasercial  transport  aircraft  has  been  faster 
than  the  adjustment  of  old  regulations  to  the  new  types  of  aircraft.  Does  he  think  that  this  will 
lead  Inevitably  to  the  need  for  a  new  philosophy  of  more  flexible  regulations  replacing  cosipletely 
the  old  rules,  or  to  a  very  large  adjustment  of  the  old  rulee? 

Minor  Question  #1:  Doss  Mr.  Sliff  think  that  the  subsonic  speed  parts  of  the  new  tentative  airworthi¬ 
ness  standards  f ur  SSTs  could  apply  to  modem  aircraft  other  than  supersonic  transports? 

Minor  Question  #2:  Mr.  Sliff  stated  that  center-of-gravity  boundaries  lead  to  new  handling  require¬ 
ments.  I  think  that  they  also  lead  to  the  complex  problem  of  compatibility  between  the  subsonic  and 
supersonic  c.g.  boundaries  (in  terms  of  speeds  and  altitudes)  for  emergency  descent  and  deceleration 
with  the  use  of  fuel  transfer.  This  leads  to  the  concept  of  envelopes  associated  with  aircraft  states 
as  explained  in  the  paper  by  Messrs.  Carlson  and  Wanner. 

Minor  Question  #j:  The  choice  of  stability  criteria  as  an  example  of  a  bad  concept  which  must  be 
replaced  is  a  very  good  one.  Stability  in  itself  has  no  meaning.  It  is  enly  the  pilot-aircraft  loop 
which  counts,  whatever  may  be  the  pilot:  human  or  automatic.  The  remaining  problem  is  a  question  of 
redundancy  and  failure  probability.  This  leads  directly  to  the  pilot  rating  criteria. 


3-6 


It 


I 

| 

■< 

| 


t 

f 

I 

I 


\ 

I 


i 

i 

I 


OPEN  DISCUSSION 


R.S.  Sliff,  FAA,  USA 


The  first  point  was  the  regulations,  as  I  said,  on  the  very  complex  airplanes  which  are  requiring 
considerable  expansion  and  flexibility  of  requirements.  The  question  was  asked  whether  this  would  require 
a  very  large  adjustment  in  the  regulations  themselves.  My  answer  to  that  is  No.  The  reason  why  I  say 
that  is  the  regulations  are  written  in  a  qualitative  and  general  sense.  As  I  pointed  out,  the  specific 
differences  and  complexities  as  they  come  up  are  handled  in  the  terms  of  special  conditions  and  require¬ 
ments  with  the  aircraft  so  that  you  can  evaluate  that  product  with  an  expert  against  a  general  requirement. 
This  always  lends  Itself  to  opinion  and  I  don’t  know  how  to  get  away  from  that.  Next,  on  applying  SST 
standards  to  other  aircraft,  we  definitely  feel  that  most  of  the  requirements  with  regard  to  a  supersonic 
transport,  with  the  exception  of  very  few  areas,  are  directly  applicable  to  updating  the  rules  and  re¬ 
quirements  for  any  modern  transport  aircraft.  Only  those  which  would  be  peculiar  to  either  temperature, 
as  affect  by  high  Mach  number  or  something  peculiar  to  shock  wave  disturbance,  or  so  on,  for  SST  would 
be  truly  an  individual  requirement  for  an  SST.  He  intended  to  update  the  overall  transport  standard  in 
the  same  context  that  we  have  used  to  apply  to  supersonic  transports. 

On  eg  boundaries  and  failure  concepts,  we  recognize  that  it  is  necessary  to  expand  the  eg  envelope 
outside  of  that  which  is  controllable  in  another  regime  of  flight.  In  this  particular  case,  you  have 
to  use  a  probability  index  such  as  TSS  5  or  other  to  insure  that  you  will  have  a  safe  airplane  in  face 
of  failures  that  can  occur. 
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There  is  only  one  way,  I  believe,  that  you  can  truly  evaluate  stability  and  you  answered  that 
question  yourself,  and  that  is  through  a  pilot  rating.  He  have  Jcng  said  that  only  as  a  guide  would  we 
use  hard  numbers  such  as  1  lb/6  knots  for  stick  force  versus  speed.  If  it  is  half  a  pound  and  is  suitable 
for  that  airplane  it  has  to  be  qualitatively  assessed. 
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REVISIONS  TO  V/STOL  HANDLING  QUALITIES  CRITERIA  OF  AGARD  REPORT  408 

by 

Seth  B.  Anderson 
Assistant  for  Interagency  Programs 
Ames  Research  Center,  NASA 
Moffett  Field,  California  $4035 
Laurel  G.  Schroers 
Aerospace  Engineer 

Army  Air  Mobility  Research  &  Development  Lab. 

Moffett  Field,  California,  USA  94035 


SUMMARY 

A  brief  review  of  selected  handling  qualities  criteria  for  V/STOL  aircraft  shows  that  although  a  clearer  understanding  of  the 
requirements  for  controversial  areas  such  as  roll  cuntrnl  power,  vertical  flight  path  control,  and  transition  is  in  hand,  considerably  more 
research  is  needed  to  refine  these  criteria  for  operational  IFR  activity.  Because  many  items  interact  to  influence  the  pilots’  overall 
impression  of  the  aircraft’s  behaviour,  additional  work  of  a  systematic  nature  must  be  done  to  clarify  this  aspect.  A  better  definition  of 
a  gust  model  which  includes  disc-*-  ~ust  effects  is  needed  to  firm  up  criteria  for  both  hover  and  STOL  operation. 


1.  INTRODUCTION 

All  of  us  who  are  closely  associated  with  the  use  of  aircraft  can  readily  appreciate  the  need  to  continuously  revise  and  update 
handling  qualities.  For  V/STOL  aircraft  in  particular,  there  are  many  reasons  for  this;  for  example,  to  reflect  recent  requirements  of 
operational  type  aircraft,  to  give  consideration  for  the  peculiarities  of  operating  with  different  types  of  lift-propulsion  concepts,  and  to 
describe  the  effects  of  operation  with  novel  control  systems  on  closed-loop  responses. 

The  first  AGARD  publication  of  V/STOL  handling  qualities  recommendations,  AGARD  Report  408  (ref.  1 ),  was  based  largely  on 
NASA  T.  F  331  (ref.  2).  Both  of  these  reports  have  received  criticism,  not  unexpected,  on  their  scope  and  specific  recommendations. 
They  we.e  <  .ected  primarily  toward  VTOL  aircraft  and  did  not  adequately  cover  STOL  aircraft,  which  utilize  powered  lift  techniques. 
In  addition,  the  recommendations  did  not  adequately  take  into  account  the  different  requirements  by  ihe  various  lift-propulsion 
concepts  or  novel  control  systems.  They  were  based  mostly  on  results  obtained  from  test  bed  type  aircraft  and  helicopters  and 
obviously  could  not  reflect  the  requirements  of  operational  type  V/STOL  aircraft.  To  a  lesser  degree,  the  same  criticism  applies  to  the 
revised  AGARD  Report  577  (ref.  3)  because  operational  aircraft  results  were  not  available.  Further,  the  consequence  of  providing  only 
minimum  acceptable  values  of  each  handling  quality  item  was  not  fully  appreciated  by  the  user;  a  V/STOL  aircraft  that  individually 
meets  all  recommendations  could  still  be  too  demanding  of  the  pilot’s  skill  because  several  factors  may  interact  to  produce  an  overall 
unsatisfactory  response. 

In  revising  ref.  1  it  was  agreed  that  a  more  meaningful  and  useful  document  would  include: 


u 

s 


•  Evaluation  of  the  various  handling  qualities  items  in  terms  of  criteria  rather  than  requirements  or  specifications. 

•  A  discussion  section  following  each  criterion  to  explain  the  purpose  of  the  criterion. 

•  Data  and  reference  material  to  back  up  the  proposed  criteria. 

Criteria  can  be  defined  as  evaluation  standards  based  on  numbers  that  are  meant  only  to  be  typical  and  can  vary  depending  on  the 
particular  mission  and  task.  Meaningful  criteria  can  serve  as  a  guide  in  establishing  specifications  to  be  used  by  a  contractor  for  the 
design  and  testing  of  a  particular  aircraft. 

In  the  past,  handling-qualities  requirements  have  been  presented  without  an  explanation  of  why  the  pilot  desires  a  particular 
characteristic;  in  many  cases  neither  the  purpose  nor  the  interrelation  of  the  various  factors  affecting  the  requirements  were  understood. 
Without  an  understanding  of  ail  possible  tradeoffs,  there  may  be  a  tendency  to  apply  the  requirements  too  rigidly  to  a  particular  aircraft 
design,  thereby  compromising  its  utility. 

Finally,  it  is  helpful  to  provide  background  data  and  reference  material  for  each  criterion.  If  the  user  u  iderstands  :he  limitations 
of  the  data  on  which  the  criteria  are  based,  he  can  evaluate  the  criteria  with  respect  to  their  optimum  application  to  his  design,  and,  of 
course,  the  contractor  can  then  provide  more  effective  specifications. 

In  showing  how  the  foregoing  philosophy  was  carried  out  in  preparing  AGARD  Report  577.  examples  in  several  controversial 
areas  are  given.  The  purpose  is  to  point  out  how  well  the  present  criteria  compare  with  the  available  flight  results,  review  areas  that  need 
additional  work,  and  indicate  how  these  gaps  in  knowledge  can  be  filled.  Because  of  length  restrictions,  only  the  following  areas  will  be 
covered: 

•  Roll  control  power 

•  Vertical  flight  path  control 

•  Transition  characteristics 

2.  RESULTS  AND  DISCUSSION 

2.1 .  Roll  Control  Power 

2.1.1.  General  background.  One  of  the  more  controversial  areas,  which  has  persisted  over  the  years,  is  a  definition  of  how  much  roll 
control  moment  must  be  supplied  for  hover  and  STOL  operation.  Pilots  haw  been  more  critical  of  the  control  of  V/STOL  aircraft 
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about  the  roll  axis  than  about  any  other  axis  partly  because  the  lateral  positioning  must  be  quick  and  precise  and  partly  because  of  the 
effect  of  cross  winds  during  landing.  Precise  control  is  essential  during  approach  because  even  small  bank  angles  will  result  in  relatively 
large  heading  changes  at  low  speeds.  Undoubtedly,  soma  of  the  difficulty  in  addressing  this  problem  h_s  arisen  because  several  items 
interact  to  determine  the  overall  roll  response  apparent  to  the  pilot  These  include: 


Control  needed  for  maneuvering 

Control  needed  for  trim 

Control  needed  for  upset  (due  to  gusts,  recirculation,  ground  effect,  etc.) 

Type  of  control  system  used 

Control  sensitivity 

Aircraftft  size  (mission  considerations) 

Angular  rate  damping 

Control  lag 

Tum  entry  characteristics  (e.g.,  adverse  yaw,  yaw  due  to  rolling) 

Mechanical  characteristics  of  control  system  (e.g.,  friction,  breakout,  force  gradient)  . 

The  total  amount  of  control  needed  is  made  up  by  a  combination  of  these  indiv.dual  requirements;  the  first  four  are  the  major 
inputs.  The  pilot  desires  certain  values  of  roll  control  for  maneuvering,  for  trimming  in  sideward  flight,  and  for  controlling  upsets  due  to 
turbulence  or  self-generated  disturbances.  Control  power  requirements  depend  on  many  factors:  (l)the  mission  to  be  performed; 
(2)  the  susceptibility  of  a  particular  configuration  10  unsymmetric  moments  resulting  from  aerodynamic  or  thrust-induced  crossflow  as 
well  as  turbulence  and  ground-induced  disturbances;  (3)  aircraft  size,  since  in  general,  large  aircraft  are  maneuvered  less  briskly,  and 
because  of  their  higher  inertias  they  tend  to  be  disturbed  less  by  turbulence;  (4)  the  type  of  control  system  used  (more  stabilized 
systems  require  less  control  power);  and  (S)  the  amount  of  angular  rate  damping  available. 

For  trim  in  hover,  various  amounts  of  roll  control  moment  are  needed  to  maintain  desired  velocities  in  sideward  flight.  The 
amount  differs  for  each  VTOL  concept  because  of  ihe  difference  in  magnitude  of  rolling  moment  introduced  from  both  aerodynamic 
and  engine-induced  flow  sources.  For  aircraft  with  inherently  large  rolling  moments  induced  by  side  velocity,  ample  control  moment  is 
needed  to  avoid  the  development  of  excessively  large  bank  angles,  which  may  occur  very  abruptly  with  a  sudden  loss  in  altitude  when 
the  aircraft  is  suddenly  turned  sideward  from  a  headwind  approach.  Some  types  of  V/STOL  aircraft  require  that  any  asymmetric  rolling 
moments  associated  with  powcrplant  failure  be  trimmed  out  Further,  the  amounts  of  trim  required  depend  on  the  cross-wind 
magnitudes  specified  for  a  particular  mission  and  VTOL  concept. 

The  amount  of  control  power  available  to  counteract  upset  due  to  gusty  air  or  self-induced  flow  effects  in  ground  proximity 
(which  are  also  configuration  dependent)  directly  affects  the  precision  of  the  approach  and  touchdown.  In  vertical  takeoffs  and 
landings,  the  pilot  needs  to  adjust  attitude  rapidly  to  avoid  excessive  side  drift.  Bank  ankle  excursions  are  undesirable  in  STOL 
approaches  because  of  the  tendency  to  induce  laige  heading  errors.  In  these  cases,  the  pilot  is  interested  primarily  in  returning  to  the 
initial  bank  angle  in  a  given  time.  In  addition,  the  type  of  control  system  used  has  a  pronounced  effect  on  control  power  requirements 
for  upset.  More  sophisticated  control  systems,  such  as  attitude  command,  automatically  reduce  or  eliminate  the  need  for  the  pilot  to 
correct  for  the  upset.  Because  corrections  can  be  sensed  and  made  more  quickly  by  the  SAS,  large  amplitude  excursions  in  bank  do  not 
develop  and  there  is  a  resultant  savings  in  control  power  requirements. 

Because  of  the  foregoing  considerations,  the  criteria  for  roll  control  power  were  broken  into  the  factors  listed  in  table  1 .  Although 
only  examples  of  roll  control  power  are  presented  here,  a  similar  system  has  been  used  for  the  pitch  and  yaw  axes.  The  chief  purpose  in 
breaking  the  requirements  into  separate  parts  is  to  force  the  user  to  examine  how  each  one  affects  his  particular  aircraft  design  or  flight 
evaluation.  Different  values  of  roll  acceleration  are  given  to  take  into  account  the  type  of  control  system  used  and  the  type  of 
operation;  i.e.,  VTOL  or  STOL 

Table  1 .  Roll  Control  Power  Criteria 


PARAMETER  TO 

CONTROL  POWER 

TYPE  OF 

MINIMUM  LEVELS  FOR  SATISFACTORY  OPERATION 

REQUIRED  FOR: 

CONTROL  SYSTEM 

HOVER 

STOL 

ROLL  ANGULAR 

ATtlTUD? 

COMMAND 

02-0.4 

ACCELERATION. 

fSd/MC’ 

MANEUVERING 

RATE 

03  -  0.4 

Ol  -  0.6 

ACCELERATION 

03-0.6 

ATTITUDE 

COMMAND 

1  MC.dtg 

MANEUVERING 

RATE 

2-4 

2-4 

ACCELERATION 

2-4 

2-4 

ROLL  CONTROL 
DEFLECTION  AT 
ZERO  ROLLING 
VELOCITY,  in. 

TRIM 

ALL 

- - 

SUFFICIENT  CONTROL  IN  EXCESS  OF  MANEUVER¬ 
ING  REQUIREMENTS  TO  TRIM  OVER  DESIGNATED 
SPEED  AND  C.G.RANGE  AND  FOR  MOST  CRITICAL 
ENGINE  FAILURE 

TIME  TO  RECOVER  TO 
INITIAL  ATTITUDE 
OR  CONTROL 
DEFLECTION.  *tc 

UPSET  tDUE  TO  GUSTS, 
RECIRCULATION.  GROUND 
EFFECT.  ETC.) 

ALL 

SUFFICIENT  CONTROL  IN  EXCESS  OF  MANEUVER. 
ING  AND  TRIM  REQUIREMENTS  TO  BALANCE  MO¬ 
MENT  DUE  TO  A  SPECIFIC  GUST;  FOR  EXAMPLE. 

30  ft/w  GUST 

BUILDING  UP  IN  i  BUILDING  OVER  A 

_ Lac _ _ 1 00  »l DISTANCE _ 

ROLL  ANGULAR 

TYPICAL  RANGE  OF 

r  ATTITUDE 
COMMAND 

04-15 

02-2.0 

ACCELERATION. 

rsd/wc* 

AIRCRAFT  FOR  MANEU. 

RATE 

0.8 -2.0 

03-Z5 

UVSET  ’ 

ACCELERATION 

0.8 -2.0 

- 

2.1.2.  Control  needed  for  maneuvering.  Table  1  lists  3  range  of  values  for  maneuvering  control  requirements  in  order  to  reflect  the 
mission  requirements.  In  ref.  3  the  criterion  states  that  “. . .  aircraft  whose  missions  require  extensive  maneuvering  should  be  capable  of 


at  least  the  larger  values  indicated,  *.vh»!e  those  for  which  maneuvering  is  only  incidental  to  the  rr'dioit  •. ,i2  thoi »  fcr  which  direct  side 
force  control  can  also  be  used  s'.ou,'."  be  capable  of  at  least  the  lower  value  noted."  The  validity  cf  the  values  listed  in  tab:'  1  is 
certainly  open  to  question  because  ultimately  the  values  must  come  from  real  operational  experience  with  different  classes  of  V/STOL 
aircraft.  Until  such  results  are  available,  we  can  only  speculate,  on  the  basis  of  limited  data  obtained  primarily  from  nonoperatior.?*  type 
V/STOL  aircraft,  some  of  which  have  attempted  to  simulate  operational  type  maneuvers.  There  i:  the  further  problem  of  sori-.-'v.  out 
from  data  obtained  during  these  maneuvers,  the  amount  of  control  used  uniquely  fcr  maneuvering  and  tiiat  which  was  used 
concurrently  to  correct  for  trim  and  upset  due  to  gusts,  turbulence,  recirculation,  etc.  Perhaps  the  best  answers  tan  be  dc  Led  from 
examining  records  of  aircraft  for  which  trim  changes,  by  virture  of  their  engine  and  aerodynamic  laycut,  are  minimum,  rurthei,  if  these 
aircraft  use  an  attitude  command  type  of  control  system,  the  effects  of  external  disturbance  are  minimized.  Resuiis  from  two  such 
aircraft,  the  V J  —101  and  the  DO-31,  show  that  satisfactory  operation  in  hover  was  obtained  with  values  of  0.2  rad/sec1  and 
0.4  rad/sec2,  respectively.  Further  confirmation  of  the  lower  value  of  roll  angular  acceleration  for  STOL  operation  has  oeen  obtained 
from  “flights’’  in  a  piloted  motion  simulator  (ref.  4).  A  slightly  higher  value  (0.6  rad/sec2)  was  selected  for  the  upper  end  of  STOL 
operations  to  reflect  the  need  for  more  .gile  maneuvering  into  confined  areas. 


2.1.3.  Control  needed  for  upset.  The  amount  of  control  needed  to  take  care  of  upset  due  to  gusts,  recirculation,  ground  effect,  etc.,  is 
dependent  chiefly  on  the  magnitude  and  character  of  the  disturbance.  It  is  in  this  area  that  the  proposed  criteria  2te  weak.  Although 
improvements  have  been  made  in  gust  measurement  techniques,  data  analysis,  and  prediction  effects,  a  well-defined  gust  model  suitable 
for  hover  and  S'iOL  operation  still  remains  to  be  defined.  The  criteria  for  upset  used  in  table  1  attempt  to  establish  a  base  for  firmer 
values.  It  was  considered  necessary  to  specify  a  discrete  gust  effect  rather  than  the  usual  rms  random  noise  type  to  provide  meaningful 
results  for  control  newer  assessments. 


2. 1 .4.  Validity  of  ml!  control  power  criteria.  The  range  of  values  for  total  control  power  given  in  table  1  reflects  the  speculative  nature 
of  the  criteria  and  permits  flexibility  in  choice  for  design  purposes.  The  values  in  the  bottom  row  are  typical  ranges  used  by  various 
aircraft  and  are  not  intended  to  represent  firm  numbers  which  must  be  met.  An  examination  of  flight  test  data  and  a  discussion  of  how 
some  of  the  aforementioned  items  interact  to  produce  a  given  overall  impression  of  roll  response  to  the  pilot  follows. 

Aircroft  V  l«ct*  r 

L0„  S  uf-xs'  Is  u  Figure  l  shows  results  of  STOL  aircraft  tests  (taken  from  ref.  5)  obtained  during 

a  c-8a  65  a  approach  and  takeoff.  The  results  are  presented  in  terra*  of  maximum  angular 

16  ’  o  5c?^MB*ran“’n'),,  so  .f  acceleration  obtainable  as  measured  by  the  conventional  roll  reversal  technique.  For 

wd4  %  Nc-HoB(Ai*,w,w<1,,7o  a  convenience,  the  data  are  presented  as  a  function  of  gross  weight  which  was  used  as  a 

cnuTDfv  „  \  v-  nt-1308  85  le  sizing  formula  (W+  1000 )•/*  in  AGARD  Report  408A.  Also  shown  are  the  pilot’s 

power,  \  l  367-60  ns  .4  ratings  of  the  overall  roll  response  for  each  atrcrait.  It  should  be  recognized,  however, 

*0, rad/sec2  L0-  \  £  |*  3.3  that  angular  acceleration  is  only  a  convenient  parameter  to  use  as  a  yards!  ck  and  that 

B  _  '  03$  it  relates  only  indirectly  to  the  pilot’s  impression  of  controllability.  Fu  "her,  when 

>3$  weight  is  used  as  a  parameter,  it  only  approximates  the  effects  of  size  and,  as  noted 

•6~  v  k3  previously ,  reflects  maneuverability  requirements  and  sensitivity  to  turbulence. 

.4- 

7*5  t  Note  first  that  a  large  in  "Vration  value  does  not  necessarily  indicate  .tisfactoiy 

•2“  °7}  44$  pilot  impression  of  roll  response.  Foi  cample,  the  VZ-t  -  .rcraft  has  over  three  times 

°s*^iUlo - 30*50  “ioq  "'  300  lhc  ro!l  acceleration  capability  of  the  maion.;-  of  the  other  aircraft  and  still  has  only  a 

w(bll03  pilot  rating  of  4.  The  ability  to  maintain  a  desired  ’•ink  angle  while  maneuvering  in 

Fig.  1.  Lateral  acceleration  for  STOL  operation-  ‘uibulcncc  has  been  the  most  critical  requirement  for  re"  control  of  these  STOL 
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pilot  rating  next  to  symbol.  aircraft  at  takeoff  and  landing  speeds.  For  example,  in  tests  of  the  DR  941 ,  less  than 

40  percent  of  the  available  control  was  used  during  extensive  maneuvering.  Remember 
that  this  aircraft  requires  little  lateral  trim  for  cross-wind  operation  and  the  propellers  are  interconnected  to  remove  any  engine  out 
asymmetry  trim  requirements.  The  BR941  is  perhaps  the  most  documented  of  these  aircraft.  It  has  been  flight  tested  with  several 
lateral  control  modifications  and  has  been  extensively  investigated  in  piloted  motion  simulators.  Flight  rests  with  this  aircraft  in  IFR 
operation  at  d  moderate  turbulence  (ref.  6)  indicated  that  roll  control  was  satisfactory  with  a  control  power  of  0.4  rad/sec2  under  these 
more  adverse  conditions.  Note  that  for  a  heavier  aircraft,  the  NC- 1 30B.  poorer  ratings  are  evident  for  this  same  control  power  value 
(based  again  on  IFR  orcration  in  gusty  air).  The  poorer  overall  roll  controllability  was  due  in  part  to  low  control  sensitivity  and  to  the 
fact  that  at  70  knots  almost  fuii  roll  control  was  required  to  trim  for  an  inoperative  engine.  Therefore,  too  small  a  margin  was  left  for 
maneuvering.  The  heaviest  (and  largest)  aircraft  tested  was  the  3  67-80  (  707  jet  transport)  modified  to  incorporate  a  high-lift  BLC  flap 
system.  With  the  combined  aileron  spoiler  system,  the  roll  acceleration  produced  by  large  control  deflections  W3s  so  large  for  that  size 
aircraft  that  the  pilot  was  concerned  about  possible  structural  damage.  In  the  initial  tests  with  this  aircraft  the  ailerors  were  equipped 
with  an  aerodynamic  tab  control  that  was  rated  unsatisfactory  (PR  4-1/2)  because  of  high  forces  and  nonlinear  response 
characteristics.  Changing  to  a  hydraulic  powered  control  system  with  essentially  the  same  rolling  moment  capabilities  improved  the 
pilot  rating  because  of  the  lower  forces.  These  data  show  that  an  improved  pilot  rating  resulted  when  a  higher  approach  speed  was  used, 
even  though  less  acceleration  was  available.  In  this  case,  the  cross-coupling  effects  Cjjjj,  C;^,  Cnp  were  greatly  reduced  at  the  lower 

associated  with  the  higher  approach  speed.  A  further  example  of  interrelated  effects  ,'s  brought  out  by  the  results  obtained  on  the  BLC 
equipped  YC-134A  aircraft.  F.vcn  though  very  large  lateral  acceleration  was  available  with  the  combined  spoiler  and  aileron 
32r  combination,  precise  use  of  this  capability  was  difficult  because  of 

svz.2  nonlinear  response.  At  approximately  30°  wheel  position,  the  region 

2-8  ’  most  frequently  used  in  controlling  the  aircraft,  the  rapid  increase  in 

2.4  ■  response  and  the  large  increase  in  force  when  the  spoilers  were  engaged 

_L  * vj-kx-xi  combined  to  produce  an  unsatisfactory  characteristic  that  masked  the 

2-3  '  ’■  *Plt27  control  power  ratings  of  this  aircraft. 

POWER.*,  16 -k  g  a  BX-I9A 

rod/sec7  %sc-ib  SG'I2€J  xc  Figure  2  shows  the  same  parameters  for  VTOL  aircraft  in  hover. 

12  '  B  XVaaA'  zac  ■ytRAOE  2-v  Note  that  3  wide  range  of  values  exist  for  the  various  aircraft.  These 

.8  ■  J®'3'  vaiiics  are  generally  well  above  the  former  AGARD  408  sizing  formula 

(W+  1000)'  /*,  which  was  really  meant  to  be  a  minimum  maneuvering 
’  Pvz-4  agaro  report  so£  requirement.  Because  of  lack  of  clarity  in  this  respect,  it  was 

— > - : — 1 - 1 — 1 - 1 - 1 — j — > — 1 - 1  ccnvcnicntlv  used  in  many  paper  designs  (and  for  a  few  aircraft)  as  the 

gross  weight  lb*  w3  total  control  power  needed.  It  is  obvious  that  3  sizing  rule  is  difficult  to 

establish  from  these  data  for  the  reasons  diseased  in  the  following 
Fig.  2.  Lateral  acceleration  for  VTOL  ojicration.  paragraph. 
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Fig.  2.  Lateral  acceleration  for  VTOL  ojicration. 
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One  of  the  first  points  to  notice  is  that  the  X-14A  jj;s  1/4  the  weight  of  the  P.l  127  but  can  get  by  with  less  control  power 
mainly  because  the  P.l  127  requires  a  major  portion  of  its  available  roll  moment  to  trim  for  sideward  flight.  In  fact,  for  the  Harrier 
VTOL  aircraft  sideslip  is  restricted  in  forward  flight  by  a  warning  device  on  the  rudder  pedals  (ref.  7).  Further,  the  aircraft  would  have 
required  even  mere  roll  control  power  if  the  control  sensitivity  and  the  mechanical  characteristics  of  the  control  system  had  not  been 
opt immed  for  low-speed  flight  Other  aircraft  which  also  require  a  large  percentage  of  available  control  power  to  offset  rolling  moments 
associated  either  with  sideward  flight  in  hover  or  sideslip  in  forward  flight,  are  the  XV-5A,  SC-1 ,  Balzac,  and  Mirage  III— V.  In  fact, 
this  particular  trim  requirement  had  been  seriously  overlooked  in  operational  testing;  consequently,  all  of  the  aforementioned  aircraft 
(except  the  X-14A)  have  been  damaged  in  accidents  caused  by  this  trim  problem,  some  serious  enough  to  be  fatal.  The  major  rolling 
moment  contribution  has  come  from  induced  flow  effects  associated  with  inboard  locations  of  the  jet  engines. 

Notable  jet  aircraft  which  are  exceptions  to  the  sideslip  trim  problem  are  the  VI-101  and  the  DO-31 ;  both  of  these  aircraft  have 
the  jet  engines  at  the  wing  tips.  This  lack  of  trim  requirement  is  reflected  in  the  control  power  usage  for  the  VJ— 101  (ref.  8)  which 
shows  that  only  0.2S  rad /sec5  was  needed  for  roll  control  in  typical  takeoff  and  landing  maneuvers.  Similarly,  with  the  DO-31,  'oil 
control  power  requirements  for  1FR  approaches  in  gusty  air  shoved  that  0.4  rad/sec2  was  adequate.  Both  of  these  aircraft  have  larger 
roll  control  power  available  because  of  engine-out  trim  requirements. 

2.2.  Vertical  Flight  Path  Control 

2.2. !.  General  background.  Vertical  control  of  flight-path  angle  during  approach,  flare,  and  touchdown  and  during  rotation  and 
climbout  is  an  important  consideration  for  STOL  operation  because  of  the  short  field  length  requirements.  Satisfactory  routine 
operation  from  short  fields  with  obstacles  in  the  approach  and  climbout  paths  depends  on  precise  control  of  flight-path  angle.  During 
STOL  operation  of  V/STOL  aircraft,  vertical  flight  path  cannot  be  controlled  adequately  by  pitch  control  alone,  and  the  pilot  m  ist  use 
additional  methods  to  develop  normal  acceleration. 

Powered  lift  is  used  for  flight  path  control  in  three  general  modes:  (1)  controlling  rate  of  sink  at  flare  and  touchdown, 
(2)  acquiring  and  tracking  a  particular  flight  path  angle  during  approach,  and  (3)  nuking  gross  changes  in  flight  path  for  waveoff  and 
turning  flight.  Satisfactory  performance  of  these  tasks  depends  on  the  amount  of  normal  acceleration  available  from  powered  lift,  the 
aircraft  response  time,  and  the  degree  of  cross  coupling.  The  values  needed  by  the  pilot  depend  on  how  critically  the  particular  flight 
mode  must  be  controlled.  For  example,  altitude  control  during  flare  and  touchdown  must  be  precise  and  requires  a  short  response  time 
for  this  critical  maneuver.  It  is  equally  important  that  cross-coupling  effects  between  powered  lift  and  aircraft  rotation  be  minimized  so 
that  the  pilot  can  precisely  adjust  rate  of  sink  and  aircraft  attitude  independent!)  as  required  for  optimum  landing  and  takeoff 
performance. 

Consideration  of  these  points  is  given  in  the  criteria  presented  in  table  2. 

2.2.2.  Criteria.  For  satisfactory  flight  path  control  during  all  phases  of  STOL  flight  operation  below  Vcon  (including  approach,  landing 
flare,  touchdown,  and  waveoflj,  the  vertical  aircraft  response  characteristics  obtained  at  a  constant  attitude  resulting  from  any 
combination  of  inputs  from  throttle,  collective,  and  thrust  vector  controls  should  meet  the  values  listed. 


Table  2.  Minimum  Vertical  Flight  Path  Control  Characteristics  in  STOL  Operation 


CONTROL  POWER 


RESPONSE  TIME 


MODE* 

PARAMETER  TO  CE  MEASURED 

LEVEL  FOR  SATISFACTORY 
OPERATION 

MINIMUM  LEVEL  FOR 
ACCEPTABLE  OPERATION 

A 

INCREMENTAL  NORMAL 
ACCE»  ERATION 

•0.10 

INSUFFICIENT  DATA 

B 

INCREMENTAL  NORMAL 
ACCELERATION 

•otfl 

INSUFFICIENT  OATA 

C 

STEADY  STATE  Cc.’  i  ANGLE 

6  OR  600  ft/rrun 

2C0ft/mm 

Act 

INCREMENTAL  DESCE  \IT  ANGLE 

2  GREATER  THAN 
SELECTED 
APPROACH  ANGLE 

INSUFFICIENT  DATA 

A 

AIRCRAFT  RESPONSE 

ACHIEVE  MODE  !A  IN  LESS 
THAN  05  MC 

INSUFFICIENT  OATA 

B 

AIRCRAFT  RESPONSE 

ACHIEVE  MODE  !B  IN  LESS 
THAN  1.5  mc 

INSUFFICIENT  DATA 

J 

C 

AIRCRAFT  RESPONSE 

ACHIEVE  MODE  1C  IN  LESS 
THAN  2.0  sec 

ACHIEVE  JKJDE  1C  it:  LESS 
THAN  4  0  mc 

ALL 

PITCHING  MOMENT 

NOT  ODJcCT.'OWA^LE 

NOT  OBJECTIONABLE 

-MODE  A.  FOR  FLARE  AW  TOUCHDOWN  CONTROL  WHlHLtSS  THAN  0  IS- CAN  BE  OEVELOPEP  BV  AIRCRAFT 
ROTATION  USDIG  PITCH  CONTROL  ALONE. 

MODE  8  FOR  FLIGHT  PATH  TRACKING  WHEN  MORE  THAN  J  15*  BUT  LESS  THAN  03Cf  CAN  BE  DEVELOP'D  Br 
PITCH  CONTROL  ALONE. 

MOOEC.  I  OH  GROSS  FI  IGHT  PATH  CHANGES  REGARDLESS  OF  THE  NORMAL  ACCELERATION  DEVELOPED  BV 
PITCH  CONTROL 

2.2.3.  Validation  of  dam.  As  noted  in  table  2,  different  modes  of  operation  are  specified  for  STOL  operation  of  V/STOL  aircraft 
depending  on  the  precision  of  flight  path  control  required.  As  expected,  the  pilot  desires  increased  vertical  response  time  and  “g"  from 
power  the  closer  he  gets  to  the  :uound.  In  order  to  determine  whether  the  criteria  for  Mode  A  or  B  apply,  the  pilot  performs  abrupt 
longitudinal  control  steps  at  the  appropriate  trimmed  flight  path  angle.  Compliance  with  the  criteria  is  demonstrated  by  steps 
performed  with  the  flight  path  control  device  with  the  aircraft  attitude  maintained  constant  with  the  pitch  control.  Mode  C  applies 
equally  to  all  aircraft  regardless  of  the  means  used  to  produce  the  response. 


In  tests  of  the  BR  941  cir craft  (ref.  6)  engine  response  to  small  throttle  changes  had  a  0.5  sec  lag  plus  a  first-order  time  constant  of 
0.7  sec.  There  was  no  appreciable  lag  between  vertical  “g”  and  power  changes  (i.c.,  no  aerodynamic,  slipstream  !ag>.  It  was  possible  with 
throttle  alone  to  obtain  more  than  10.1  g,  wnich  resulted  in  satisfactory  flight  path  tracking  down  to  about  50  ft.  The  pilot  felt  that 
longer  engine  time  lags  and  time  constants  would  have  degraded  his  ability  to  track  the  1LS  glide  slope.  This  response  was  not  adequate 
when  he  used  power  to  arrest  the  sink  rate  at  touchdown.  In  general,  none  of  the  STOL  aircraft  tested  thus  far  (ref.  5)  co;dd  be  flared 
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by  using  engine  thrust  for  several  reasons:  (1)  engine  response  was  too  slow,  (2)  the  aircraft  had  to  be  rotated  for  proper  ground 
attitude,  and  (3)  power  changes  produced  undesirable  changes  in  airspeed.  As  a  result,  g  was  obtained,  as  for  conventional  aircraft,  by 
rapidly  increasing  aircraft  attitude.  The  touchdown  maneuver  for  STOL  aircraft  is,  of  course,  similar  to  the  height  control  problem  for 
VTOL  aircraft.  In  this  respect,  values  of  overall  thrust  response  should  not  be  greater  than  0.5  sec,  and  0.1  g  should  be  available.  The 
response  for  gross  changes  in  flight  path  (away  from  the  ground)  is  less  stringent;  for  example,  a  7.0  sec  delay  is  considered  satisfactory 
(see  ref.  9). 

2.2.4.  Additional  data  requirements.  Admittedly,  the  vertical  flight  path  criteria,  in  their  present  form,  are  weak,  and  more  firm 
quantitative  values  are  needed  for  both  control  power  and  thrust  response.  As  is  true  for  control  of  other  axes,  cross-coupling  effects 
and  interrelated  items  affect  the  pilot’s  assessment  of  precision  of  control.  Included  arc  the  following: 

1 .  Static  longitudinal  stability 

2.  Short  period  and  phugoid  frequency  and  damping 

3.  Direct  lift  control 

4.  Effect  of  automatic  power  compensation 

5.  Ground  effect  on  lift,  drag,  and  pitching  moment 

6.  Gust  sensitivity  (lift  curve  slope) 

7.  Power  “backr.dedness” 

8.  Trim  change  with  power  (magnitude  and  direction) 

9.  Thrust  and  control  system  response  (lags) 

A  systematic  evaluation  of  the  foregoing  items  is  a  formidable  task,  and  it  is  difficult  to  generalize  on  answers  from  specific 
aircraft  because  the  significant  parameters  cannot  be  varied  over  wide  enough  ranges.  Steps  are  under  way  to  examine  the  effects  of 
these  parameters  on  vertical  flight  path  control  using  a  piloted  motion  simula'or  at  NASA  Ames,  and  at  the  RAE,  Bedford,  and  by 
flight  tests  of  the  Bell  X-22A  aircraft. 

2.3.  Transition-Acceleration/Deceleration 

2.3.1.  General  background.  Good  transition  characteristics  are  essential  for  successful  use  of  V/STOL  aircraft  for  a  number  of  reasons. 
First,  it  may  be  desirable  to  perform  transitions  quickly  to  minimize  time  spent  in  the  terminal  area.  Second,  transitions  are  usually 
performed  in  the  critical  landing  approach  phase  of  flight,  where  the  pilot  must  be  able  to  maintain  precise  control  of  flight  path 
particularly  for  IFR  operation.  Finally,  transitions  occur  during  the  pilot’s  peak  work  load,  when  he  is  involved  with  configuration 
changes,  such  as  selecting  landing  gear  and  flaps,  and  starting  lift  engines,  as  well  as  communications  and  navigation  duties.  In  the 
following  paragraphs  attention  is  given  to  those  handling-qualities  items  that  go>'cm  aircraft  behavior  in  going  from  powered  lift  flight 
to  aerodynamic  lift  regime  and  vice  versa  for  both  VTOL  and  STOL  aircraft. 

2.3.2.  Criteria.  VTOL  aircraft  should  be  able  to  accelerate  rapidly  and  safely  from  hover  to  Vcon  in  climbing  flight  or  at  constant 
altitude.  From  Vcon  they  should  be  able  to  decelerate  rapidly  and  safely  at  constant  altitude  or  in  a  descent  to  the  maximum  approach 
angle  required  by  the  mission;  to  acquire  and  maintain  both  shallow  and  steep  flight  path  angles;  and  to  slop  quickly  and  precisely  over 
a  preselected  hover  spot.  Depending  on  ihe  mission,  acceleration  and  deceleration  values  up  to  0.5  g  in  level  flight  are  desired.  In 
addition,  it  is  desirable  to  be  able  to  accelerate  continuously  from  a  rolling  takeoff  (RTO)  to  Vcon  and  decelerate  smoothly  to  a  rolling 
landing. 

STOL  aircraft  should  be  able  to  accelerate  from  Vapp  to  Vcon  in  level  flight  or  climbing  flight;  to  decelerate  quickly  from  Vcon 
to  Vapp;  and  to  precisely  acquire  and  maintain  both  shallow  and  steep  flight  path  angles. 

It  should  be  possible  to  carry  out  the  above  maneuvers  with  the  precision  and  performance  specified  for  the  mission  without 
rcstricrion  due  to  control  power,  trim,  stalling  or  buffering,  e  igine  thrust,  or  response  characteristics. 

The  pilot  should  be  required  to  operate  only  primary  flight  controls,  power  setting,  and  thrust  vector  tilt.  If  other  devices  required 
for  transitions  arc  operated  automatically,  it  should  be  possible  for  the  pilot  to  monitor  their  perfoimance  easily,  and  inadvertent 
operation  of  any  transition  control  should  be  prevented. 

2.3.3.  Discussion.  The  purpose  of  these  criteria  is  to  ensure  that  in  going  from  powered  lift  flight  to  aerodynamic  lift  flight  and  vice 
versa,  the  pilot  can  perform  the  necessary  maneuvers  as  expeditiously  as  needed  without  undue  attention  to  aircraft  attitude,  angle  of 
attack,  airspeed,  and  trim  factors  that  would  compromise  fib  ability  to  fly  the  aircraft  accurately  along  a  chosen  flight  path  in  all 
environmental  conditions  Further,  good  control  characteristics  arc  needed  for  STOL  operation  when  going  in  and  out  of  ground  effect 
because  ground-induced  recirculation  may  cause  unsteady  flow  over  the  aircraft.  In  addition,  the  pilot  should  have  the  capability  to 
decelerate  as  needed  at  any  portion  of  the  speed  range  to  quickly  attain  a  particular  appioach  speed  or  to  avoid  overshooting  a  desired 
touchdown  area. 

The  time  required  for  making  a  transition  can  vary  according  to  the  mission:  however,  it  is  necessary  from  safety  considerations 
that  the  rate  desired  by  the  pilot  should  not  be  governed  by  limitations  in  controllability  about  any  axis.  If  the  pilot  must  handle  a  large 
number  of  separate  operations  to  accomplish  the  transition,  his  performance  in  terms  of  airspeed,  angle  of  attack,  and  flight  path  angle 
control  will  suffer  during  this  critical  flight  phase.  Due  ccnsiderarion  should  be  given  to  multicrew  functions  in  transport  configurations 
where,  for  example,  lift  engine  startup  and  shutdown  could  be  handled  by  a  copilot. 

2.3.4.  Validation  of  data.  Operation  of  various  VTOL  and  STOI  aircraft  indicate  that  the  V/STOL  concept  itself  has  certain  built-in 
limitations  on  the  accclcration/dcccicration  handling  characteristics.  Fuithcr,  these  characteristics  vary  depending  on  the  direction  of 
transition. 


The  P.l  127  aircraft,  for  example,  is  equipped  with  a  proportional-position,  thrust  vector  control  that  operates  only  on  the  engine 
thrust  vector.  The  magnitude  and  direction  of  the  aerodynamic  {lift  and  drag)  vectors  are  controlled  indirectly  through  changes  in 
aircraft  attitude.  The  pilot,  therefore,  can  change  the  magnitude,  and  direction  of  the  engine  thrust  vector  independents  of  the 
aerodynamic  vectors.  As  shown  in  reference  1 0.  the  rate  at  which  the  proportional  tnrust  vector  control  was  moved  related  directly  to 
lire  magnitude  of  the  vector.  When  a  large  engine  thrusi  vector  b  used  as  during  takeoff,  a  rati  of  approximately  4°/scc  was  selected. 
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(Note  that  90° /sec  is  available.)  This  provided  an  initial  acceleration  of  approximately  0.2  g  and  an  overall  average  acceleration  (0  to 
1 60  knots)  of  0.43  g.  A  higher  thrust  vector  rate  would  have  produced  higher  accelerations  but  a  loss  in  altitude  since  aerodynamic  lift 
could  not  be  gained  rapidly  enough  to  offset  the  change  in  vertical  thrust.  During  a  decelerating  transition  (160  knots  to  0),  however, 
the  pilot  commanded  a  thrust  vectoring  rate  of  approximately  45°/sec.  This  was  possible,  of  course,  because  of  the  small  magnitude  of 
the  engine  thrust  vector.  A  typical  decelerating  tiansition  was  initiated  at  1 60  knots  with  +6.5°  pitch  attitude  and  a  low  power  setting. 
From  160  to  80  knots,  a  maximum  deceleration  of  0.46  g  was  attained.  At  80  knots  the  thrust  vector  was  rotated  from  the  5°  forward 
position  to  the  vertical  position  after  which  the  aircraft  pitch  attitude  was  then  increased  to  +14°  to  decelerate  from  80  knots  to  zero 
with  an  average  deceleration  of  approximately  0.2  g. 

In  tilt-wing  aircraft,  such  as  the  CL-84,  the  aerodynamic  vector  is  rotated  with  the  engine  thrust  vector  The  pilot,  therefore, 
must  command  a  thrust  vectoring  rate  that  is  compatible  with  the  magnitude  of  the  aerodynamic  vector  and  of  the  engine  thrust. 
Further,  maximum  thrust  vectoring  rate  is  a  function  of  wing  angle  and  the  direction  of  thrust  rotation.  The  CL-84  wing  could  be 
rotated  up  at  a  rate  of  6° /sec.  The  maximum  downward  rate  of  12°/s;c  was  linearly  decreased  to  2.63°/sec  between  wing  angles  of  45° 
and  5°.  Tlie  pilot  did  not  have  direct  control  of  thrust  vectoring  rate  because  his  control  was  only  an  on/off  switch.  The  approximate 
thrust  vector  rate  desired  could  be  achieved  by  intermittently  turning  the  switch  on  and  off. 
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In  an  accelerating  transition  the  pilot  commanded  a  vector  rate  of  approximately  7° /sec,  which  produced  an  initial  acceleration  of 
0.2  g.  After  a  brief  2  sec  period,  the  pilot  commanded  maximum  thi  r.st  vector  rate  for  the  remainder  of  the  transition.  This  produced  a 
maximum  thrust  vectoring  rate  of  approximately  10°/sec  and  a  maximum  acceleration  of  0.44  g.  In  this  accelerating  transition,  since 
the  initial  aerodynamic  vector  is  small,  a  high  thrust  vectoring  rate  could  be  used  without  experiencing  control  coordination  problems 
and  in  this  respect  the  CL-84  is  very  similar  to  the  P.  1 1 27. 

Decelerating  transitions  of  the  CL-84  tilt-wing  aircraft  is  completely  different,  however,  because  the  pilot  is  required  to  manage 
the  control  coordination  problem  caused  by  tilting  the  large  aerodynamic  vector.  This  requires  selecting  a  wing  tilt  rate  that  is 
compatible  with  the  aerodynamic  vector  and  the  magnitude  of  the  engine  thrust.  As  stated  in  reference  1 1  this  completely  unfamiliar 
technique  was  difficult  to  perform.  It  was  further  complicated  by  the  need  to  operate  the  wing-tilt  switch  intermittently  to  obtain  a 
variable  rate  to  match  the  lift  required.  Therefore,  holding  deceleration  at  any  fixed  rate  was  very  difficult.  A  typical  decelerating 
transition  shows  that  the  pilot  commanded  a  thrust  vectoring  rate  of  3°/sec  for  the  major  portions  of  the  maneuver  (1 5°  to  60°)  and 
then  commanded  a  maximum  available  rate  of  6°/sec  for  the  remainder  of  the  transition  (60°  to  8o°).  This  produced  a  nearly  constant 
deceleration  of  0.15  g.  The  aircraft  is  capable  of  higher  decelerations,  but  the  pilot  control  coordination  problems  increase.  Different 
characteristics  are  shown  for  the  fan-in-wing  XV -5  aircraft  (ref.  1 2).  At  low  speed,  the  wing  fan  louvers  arc  used  for  height  control,  roll 
control,  yaw  control,  and  speed  (thrust  vectoring)  control.  In  addition,  the  angle  of  the  louvers  determines  the  amount  of  roll  control 
available  to  the  pilot  (roll  control  is  phased  out  as  a  function  of  louver  angle  as  speed  and  aileron  control  increase).  Specific  attention 
was  required  to  ensure  that  a  “rule-of-thumb”  relationship  of  2  knots  of  airspeed  for  each  degree  of  louver  angle  was  maintained  to 
avoid  a  loss  of  lateral  control  power.  A  high  degree  of  pilot  attention  was  required  to  maintain  the  louver  angle-airspeed  schcriuie  (a 
pilot  rating  of  5  was  assigned).  The  maximum  thrust  vectoring  rate  built  into  the  XV-5A  aircraft  was  3°-4°/sec.  During  an  accelerating 
transition  from  hover,  the  pilot  commanded  an  overall  average  thrust  vectoring  rate  of  1 ,6°/sec  and  an  acceleration  of  0. 1 3  g. 

2.3.5.  Additional  data  requirements.  Sufficient  data  are  available  to  show  that  one  minimum  or  maximum  rate  will  not  satisfy  all 
VTOL  concepts,  but  insufficient  data  is  available  to  establish  a  satisfactory  rate  for  each  VTOL  concept.  In  addition,  the  limitations  for 
1FR  operation  have  not  been  clearly  defined.  It  is  to  be  expected  that  only  relatively  low  deceleration  values  will  be  used  to  reduce  pilot 
workload  in  the  landing  approach  task.  Early  experience  with  the  DO-31  aircraft  indicate  that  deceleration  values  of  0.07  g  were  used 
to  provide  sufficient  tricking  time  on  the  1LS  to  assess  the  approach  ard  gain  confidence  to  proceed  to  the  landing.  Further,  real  life 
operation  is  needed  to  assess  the  passenger  comfort  aspect  for  civil  use. 

3.  CONCLUDING  REMARKS 

A  brief  review  of  selected  handling  qualities  criteria  lor  V/STOL  aircraft  shows  that  although  a  clearer  understanding  of  the 
requirements  for  controversial  areas  such  as  roll  control  power,  vertical  flight  path  control,  and  tiansition  is  in  hand,  considerably  more 
research  is  needed  to  refine  these  criteria  for  operational  IFR  activity.  Because  many  items  interact  to  influence  the  pilots’  overall 
impression  of  the  aircraft’s  behaviour,  additional  work  of  a  systematic  nature  must  be  done  to  clarify  this  aspect.  A  better  definition  of 
a  gust  model  which  includes  discrete  gust  effects  is  needed  to  firm  up  criteria  for  both  hover  and  STOI.  operation. 
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OPEN  DISCUSSION 
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S.J.  Andrews,  A&A£E,  UK 

How  can  one  design  flying  qualities  to  give  high  touchdown  accuracy  for  short  landing  in  view  of 
the  fact  that  the  landing  distance  of  the  STOL  aircraft  is  of  the  sane  order  as  the  scatter  of  touchdown 
point  of  current  aircraft? 

S.B.  Anderson,  NASA  Ames,  USA 

What  we  have  tried  to  do  with  the  vertical  flight  path  control  for  STOL  operation  was  to  give  you 
numbers  that  would  specify  how  much  vertical  "g"  was  required  for  flight  path  control  in  combination 
with  that  required  for  pitching.  This  demands  a  certain  value  to  be  able  to  change  flight  path  to  hit 
the  spot  accurately,  it  demands  a  certain  acceleration  and  rotation  capability  to  get  the  aircraft  in 
the  right  attitude  for  ground  contact  and  also  requires  the  proper  response  time  for  the  power  lift  con¬ 
trol.  It  is  interesting  to  note  that  in  ill  of  the  twelve  or  so  STOL  aircraft  that  we  have  tested  we 
could  not  use  power  during  flare  and  touchdown.  There  are  two  reasons  for  this:  (1)  the  response  time 
's  too  long  and  (2)  the  rotation  of  the  lift  vector  was  not  sufficient. 
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R. S.  Sllff,  FAA,  USA 

Mine  isn’t  really  a  question,  but  I  thought  I  might  be  able  to  help  the  last  question. 

From  the  test  work  we  have  conducted  at  our  experimental  center  in  Atlantic  City,  with  primarily 
two  kinds  of  aircraft,  the  Twin  Otter  and  Breuguet  941,  we  have  found  two  primary  things:  (1)  you  cannot 
have  a  speed  in  excess  of  70  knots  on  approach  if  you  are  talking  about  accuracies  of  200-300  feet  in  the 
touchdown  zone,  and  (2)  you  must  have  positive  guidance.  We  used  a  microwave  ILS  system  plus  we  were  ex¬ 
perimenting  with  vertical  guidance  in  the  form  of  a  visual  slope  indicator.  With  these  two  devices  we 
found  that  we  could  very  easily  set  up  touchdown  zone  of  between  200-300  ft. 

S. B.  Anderson,  NASA  Ames,  USA 

One  additional  comment,  if  you  have  a  landing  gear  which  can  absorb  a  lot  more  energy,  like  the 
Breguet  941  has,  you  just  aim  it  and  let  it  hit.  This  Increases  the  touchdown  accuracy  immensely. 

W.T.  Kehrer,  Boeing,  USA 

Seth,  would  you  please  comment  on  your  opinion  of  the  ability  of  commercial  transport  pilots  to 
adapt  a  new  and  unusual  control  technique  (if  required)  for  STOL  aircraft?  I  am  concerned,  of  course, 
particularly  with  the  landing  approach  mode  of  operation,  where,  for  some  STOL  concepts,  the  pilot’s 
control  must  vary  somewhere  between  that  required  for  a  helicopter  and  that  required  for  a  conventional 
jet  transport. 

S.B.  Anderson,  NASA  Ames,  USA 

There  is  no  question  that  we  are  going  to  have  to  make  the  job  easier  than  we’ve  done  for  our  test 
pilots.  This  will  come  about  by  the  use  of  more  augmentation,  certainly  auto  throttle  attitude  command 
type  of  control  systems,  and  improved  display  and  guidance  information.  There  is  a  lot  of  work  to  do  to 
make  these  STOL  aircraft  acceptable  to  the  ordinary  routine  pilot  and  to  do  it  without  raising  the 
price  too  much. 

W.T.  Kehrer,  Boeing,  USA 

Our  STOL  flight  simulator  work  at  Boeing  indicates  that  commercial  transport  pilots  generally  wil. 
not  adapt  to  "helicopter-like"  control  techniques,  and  in  some  cases  when  they  have  apparently  adapted, 
they  are  seen  to  revert  in  times  of  stress  to  their  old  habit  patterns  -  often  with  disastrous  results. 

J.E.  Farbridge,  D  H,  Canada 

In  response  to  two  questions  from  the  floor,  I  made  some  comments  which  the  following  may  clarify: 

Querv  1:  Someone  commented  about  the  apparent  need  for  helicopter  training  with  DLC.  I  wish  to  suggest 
"that  consideration  could  be  given  to  Direct  Drag  Control  DDC  for  STOL  operation  in  which  the  pilot  control 
will  be  sensibly  conventional.  In  particular,  the  augmentor-ving,  as  presently  envisaged,  uses  a 
direct  control  of  thrust  vector  which  is  essentially  DDC  on  approach  to  land.  This  mode  of  control  Is 
extremely  responsive  and  no  change  of  power  setting  is  required  during  approach  and  flare.  Thrust  vector 
control  therefore  replaces  throttle  control  as  a  principal  control,  in  conjunction  with  the  stick." 

Query  2:  Someone  asked  how  the  dispersal  of  STOL  touchdowns,  which  arc  presently  of  the  order  of  STOL 
airfield  lengths  for  CT0L  approaches,  are  to  be  reduced.  "Touchdown  dispersal  is  also  markedly  reduced 
with  high  glide  path  angle  approaches,  and  also  partial  flaring  techniques,  as  well  as  the  low  speed 
already  mentioned". 
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Prof.  K.H.  Doctsch,  DFVLR,  Germany  j 

Not  so  much  a  question  as  trying  to  give  an  additional  answer  to  the  question  just  put  on  -  how  ; 

the  average  airline  pilot  should  cope  with  V/STOL  aircraft.  1  believe,  based  on  German  studies,  that  the 
pilot  will  require  "unified"  or  "decoupled"  controls  in  his  hands  for  each  degree  of  freedom  of  motion 

that  is  of  major  importance,  even  if  this  implies  that  this  control  operates  for  instance  throttles  and  ] 

elevator  (or  other)  controls  simultaneously.  The  decoupling  has  to  be  done  by  automatic  computers.  \ 
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U.S.  MILITARY  V/STOL  HANDLING  QUALITY  REQUIREMENTS 


Charles  R.  Chalk,  Cornell  Aeronautical  Laboratory 
P.  0.  Box  235,  Buffalo,  N.Y.  Ih221 
and 

Charles  B.  Westbrook,  AF  Flight  Dynamics  Laboratory 
Vrigbt-Patterson  APB,  Ohio  b5b33 


SUMMARY 

It  is  the  purpose  of  this  paper  to  describe  the  recently  issued  V/STOL  handling  qualities  criteria 
specification,  MIL-F-83300  (Ref.  l).  The  evolution  cf  the  specification  is  traced  over  the  five  year 
period  of  its  development.  Problem  areas  requiring  additional  work  are  pointed  out  as  well  as  research 
efforts  underway  to  address  some  of  these  problem  areas. 


THE  NEED  FOR  CRITERIA 

The  V/STOL  industry  has  needed  a  general  flying  qualities  specification  for  several  years.  The  lack 
of  such  a  general  set  of  requirements  has  resulted  in  the  necessity  to  formulate  detail  specifications 
for  each  new  procurement.  For  the  low  speed  region,  these  specifications  were,  in  general,  blends  of 
MIL-H-8501A,  AGARD  L08,  and  various  degrees  of  experience  an  the  part  of  the  engineers  defining  the 
criteria;  MIL-F-8785  was  used,  with  some  amendments,  for  higher  speed  flight.  Ibis  state  of  affairs 
created  problems  not  only  for  the  procuring  activity,  who  had  to  write  these  detail  specifications,  but 
also  for  the  contractor. 

The  contractor  usually  had  no  chance  to  see  the  detail  specification  until  the  Request  for  Proposal 
was  sent  out  for  bids.  Consequently,  he  had  no  solid  basis  for  requirements  during  the  initial  phases  of 
design. 

In  1966  then  the  Air  Force  initiated  the  Job  of  writing  an  adequate  but  not  overly  restrictive 
specification,  1*  was  realized  that  it  w-o'ld  be  a  formidable  Job.  A  general  specification  having  adequate 
requirements  based  on  the  latest  data  and  operational  experience  and  in  a  form  which  could  be  tailored  to 
be  used  as  a  detail  specification  was  the  goal. 

Die  requirements  of  the  specification  must  be  such  that  they  are  not  so  overly  restrictive  as  to 
yield  flying  qualities  in  excess  of  those  actually  needed.  This  is  very  important  for  a  V/STOL  specifica¬ 
tion  since  meeting  flying  qualities  requirements  at  very  low  speeds  can  have  a  large  impact  on  vehicle 
performance.  The  weight  of  the  mechanical  and  electronic  components ,  and  the  thrust  lost  for  control, 
must  be  the  minimum  necessary  for  good  flying  qualities,  or  the  vehicle  will  lose  performance  capability 
needed  for  mission  accomplishment .  On  the  other  hand,  if  inadequate  flying  qualities  were  provided  for 
the  sake  of  performance,  the  pilot  would  be  unable  to  control  the  aircraft  sufficiently  well  to  perform 
the  intended  task. 

The  general  specification  should  be  easily  tailored  to  a  detail  specification.  In  the  initial  phases 
of  design  of  an  aircraft;  i.e. ,  during  feasibility  studies,  it  is  intended  that  tne  general  specification. 
Reference  1,  will  be  vised.  In  the  past,  when  no  general  specification  was  available,  the  contractor  used 
his  best  Judgment  of  the  necessary  flying  qualities  during  initial  design,  but  these  were  usually  different 
from  those  seen  later  in  the  detail  specification.  This  caused  delays  and  design  charges  and  was  not  an 
efficient  design  process.  After  the  preliminary  design  process  cycles  for  several  iterations,  the  opera¬ 
tional  requirements  and  the  handling  qualities  criteria  are  modified  as  necessary  and  desirable  to  arrive 
at  a  feasible  vehicle.  At  this  point,  it  is  intended  that  a  detailed  handling  qualities  specification,  a 
refined  and  simplified  version  of  Reference  1,  would  be  written  and  utilized  in  the  procurement  process. 

The  Request  for  Proposal  to  the  contractor  would  include  this  detail  specification  that  the  chosen  air¬ 
craft  contractor  must  meet.  If  the  contractor  disagrees  with  a  requirement  or  its  numerical  values,  he 
shows  data  Justifying  his  request  for  a  deviation  when  he  answers  the  request.  These  deviations  are 
reviewed  by  the  Government  technical  staff  and  are  approved,  disapproved,  or  a  compromise  is  reached. 
Finally,  when  a  contractor  is  chosen  to  build  the  aircraft,  the  detail  specification  is  complete,  and 
this  is  what  the  contractor  uses  as  the  design  goal  for  flying  qualities. 

Thus,  it  is  seen  that  the  criteria  documents  must  be  viewed  as  changing  throughout  the  design  process 
and  not  as  rigid  inflexible  sets  of  rules.  Hie  general  document  must  be  based  on  the  very  best  foundation 
possible  and  be  broad  enough  in  scope  to  include  all  or  at  least  most  configurations  and  missions.  The 
design  process  must  provide  the  flexibility  needed  to  not  unduly  penalize  a  design  without  the  license  to 
the  contractors  to  escape  meeting  necessary  requirements  just  because  they  are  hard  to  meet, 

HISTORICAL  DEVELOPMENT 

In  1986,  the  U.S.  Air  Force  Flight  Dynamics  Laboratory  began  a  concentrated  effort  to  improve  the 
status  of  flying  qualities  criteria  for  V/STOL  aircraft.  This  effort  was  a  part  of  a  larger  effort  of  an 
Air  Force  advanced  development  program  called  the  VTOL  Integrated  Flight  Control  System  (VTFCS)  program. 

As  originally  conceived,  this  program  had  four  basic  parts  which  can  be  briefly  described  as:  (1)  flight 
control  system  design,  integration,  and  test  including  definition  of  the  total  flight  control  system 
criteria  to  meet  VTOL  requirements,  and  integration  and  fabrication  of  a  total  flight  control  system  for 
control  technology  demonstration  and  validation  in  a  modified  XV-h ;  (2)  analysis,  desipi,  development, 
and  flight  investigation  of  specific  flight  path  display  techniques  suitable  for  all-weather  operation  and 


5-2 


their  integration  with  the  pilot-control  system  combination;  (3)  development  of  VTOL  handling  qualities 
design  criteria;  (1»)  modific.ition  of  a  Jet  VTOL  airplane  (Uie  XV-b)  for  use  as  a  variable.  stability  test 
vehicle  (the  XV-bB). 

Part  3  of  this  program,  concerned  with  handling  qualities  criteria  was  performed  by  a  large  in-house 
effort  by  the  Air  Force  Flight  Dynamics  Laboratory  (AFFDL)  supported  by  the  Cornell  Aeronautical  Labora¬ 
tory,  Inc.  (CAL)  under  contract.  Under  the  contract,  CAL's  responsibilities  included:  (l)  experimental 
simulator  investigations  into  the  handling  qualities  of  VTOL  airplanes;  (2)  developing  techniques  for 
analyzing  and  evaluating  VTOL  handling  qualities;  and  (3)  utilizing  experimental  data  and  analysis  to 
generate  VTOL  handling  qualities  requirements  and  design  criteria. 

The  initial  effort  during  the  first  year  of  the  program  involved  a  survey  of  the  VTOL  flying  quali¬ 
ties  literature.  In  order  to  supplement  the  literature  surveys,  a  series  of  meetings  was  held  with 
representatives  of  airframe  companies  engaged  in  design,  development,  and  manufacture  of  VTOL  aircraft. 

At  these  meetings,  held  during  the  weeks  of  10  October  1966,  and  2b  October  1$66,  at  AFFDL,  the  attendees 
discussed  their  views,  feelings  and  opinionr  on  the  applicability  of  existing  handling  qualities  documents 
to  VTOL  aircraft,  and  the  format  and  content  of  a  future  VTOL  handling  qualities  specification. 

Seventeen  airframe  industry  companies  were  involved  in  individual  meetings.  The  various  governmental 
agencies  concerned  with  these  matters  were  in  attendance.  By  providing  a  broad  view  of  the  overall 
V/STOL  flying  qualities  picture,  the  literature  surveys  and  meetings  established  a  basis  for  more 
intelligent  planning  and  coordination  of  the  subsequent  program  activities.  Reference  5  summarizes  some 
of  the  results  of  the  first  year  efforts. 

To  promote  the  attainment  of  the  flying  program  objectives,  CAL  was  authorized  to  issue  subcontracts. 
These  subcontracts  were  planned  and  coordinated  so  that  the  work  devoted  to  preparing  a  V/STOL  flying 
qualities  specification  would  benefit  from  the  experimental  and  analytical  capability  of  other  organiza¬ 
tions  known  to  have  a  direct  interest  in  V/STOL.  It  should  be  mentioned  tnat  although  the  specification 
work  originated  as  part  of  a  broad  Air  Force  program  that  included  the  development  of  the  variable  stabi¬ 
lity  XV-bB,  the  unfortunate  loss  of  this  aircraft  eliminated  the  possibility  of  fulfilling  all  of  the 
VIFCS  program  objectives  within  the  original  timetables.  Thus  the  subcontract  efforts  took  on  additional 
importance  as  a  means  of  acquiring  relevant  data  and  information  to  use  in  formulating  a  flying  qualities 
specification.  ^ 

During  the  course  of  the  program,  four  organizations  participated  as  subcontractors:  United  Air¬ 
craft  Researcn  Laboratories  (UARL),  Systems  Technology,  Inc.  (SIT),  Hortbrop-Norair,  and  Rational 
Research  Council  of  Canada  (HRC).  Each  subcontractor  was  selected  so  that,  as  shown  in  the  following 
listing,  V/STOL  flying  qualities  could  he  systematically  investigated  by  using  different  techniques  and 
approaches  to  acquire  and  analyze  data:  UARL,  fixed  hase  simulation;  STI,  pilot  model  analyses;  Horair, 
moving-base  simulation;  HRC,  flight  simulation  with  VSS  helicopter. 

Efforts  in  1967  and  1969  were  concentrated  on  formulating  flying  qualities  requirements  using  the 
pertinent  data  in  the  literature  and  the  data  generated  during  the  subcontracts  as  it  became  available. 
This  work  culminated  in  the  publication  in  October  1968  of  the  first  version  of  a  proposed  V/STOL 
flying  qualities  specification  (Reference  6)  along  with  an  accompanying  report  containing  related  backup 
information  and  data  (Reference  7).  Eoth  of  these  documents  were  submitted  to  industry  for  review. 

Review  consents  were  received  from  eleven  airframe  contractors  and  a  number  of  government  agencies.  A 
thorough  study  of  the  review  comments  along  with  continued  data  analyses  followed  during  much  of  1969. 

A  revised  specification  was  prepared  in  September  1969  (Reference  8).  In  October  1969,  Reference  6  was 
Jointly  reviewed  by  representatives  of  the  Air  Force,  Any,  Navy  and  CAL.  This  latter  review  took  place 
in  order  to  screen  Reference  8  prior  to  submitting  it  to  a  second  cycle  of  industry  review.  Some 
changes  were  recommended  and  these  changes  were  incorporated  into  the  pertinent  requirement  paragraphs 
and  resulted  in  the  publication  of  Reference  9. 

As  a  result  of  extensive  in-house  effort  by  AFFDL,  an  alternate  requirement  to  the  CAL  response 
matching  technique  for  specifying  dynamic  stability  requirements  was  prepared.  Reference  10,  termed 
"Paper  Pilot",  describes  this  proposal. 

A  new  document  entitled  Background  Information  and  User  Guide  (BIUG)  (Reference  ll)  was  then  pre¬ 
pared  and  in  January  1970,  these  two  documents  (Refs.  9  and  11)  were  distributed  to  industry  and 
Government  agencies  for  a  second  review  cycle. 
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Detailed  review  consents  were  received  from  21  airframe  contractors  and  from  a  number  of  Govern¬ 
mental  agencies  and  from  foreign  agencies.  On  the  basis  of  these  consents,  CAL  prepared  some  suggested 
changes  and  in  April  1970,  distributed  copies  to  potential  attendees  of  ar  Air  Force-Navy- Arty  review 
meeting.  This  review  took  place  at  the  end  of  April  1970  and  substantial  agreement  on  a  final  version 
was  obtained  by  the  Air  Force,  Havy  and  Any  representatives. 

Resolution  of  final  details  continued  until  about  b  July  1970  when  CAL  published  a  new  version.  The 
Air  Force  made  some  final  additional  changes  and  printed  a  version  which  was  distributed  for  the  third 
and  final  review  coordination  (Reference  12).  Detailed  review  comments  were  received  from  twenty  air¬ 
frame  manufacturers.  These  comments  were  reviewed  and  several  changes  made  to  the  specification  require¬ 
ments.  tie  final  version  agreed  to  by  the  Air  Force  and  Navy  representatives  on  11  December  1970,  and 
submitted  for  adoption  as  MIL-F-83300.  During  development  of  the  specification  it  was  intended  to  cover 
all  V/STOL  aircraft,  including  helicopters,  for  the  Air  Force,  Havy  and  Army.  At  this  time  the  specifi¬ 
cation  has  been  adopted  by  the  U.S.  Air  Force  for  all  V/STOL’s,  including  helicopters.  Formal  coordina¬ 
tion  is  proceeding  with  the  'J.S.  Havy  and  U.S.  Any  with  regard  to  the  use  of  this  document  for  heli¬ 
copters  procured  by  those  services. 

While  Reference  12  was  being  reviewed,  CAL  prepared  the  draft  of  a  new  Background  Information  and 
User  Guide  (3IUG)  for  the  specification.  The  p-irpose  jf  the  BIUG  is  to  document  the  substantiating  data 


used  in  the  specification  and  also  provide  notes  and  explanations  which  should  help  the  user  of  the 
specification.  The  final  version  of  the  BIUG  (Ref.  13)  was  published  as  of  March  1971. 

SPECIFICATION  STRUCTURE  AND  PHILOSOPHY 

General  Oittline 

Ihe  V/STOL  Specification,  MIL-F-83300,  contains  six  main  sections:  (l)  Scope  and  Classifica¬ 
tion,  (2)  Applicable  Docunents,  (3)  Requirements,  (k)  Quality  Assurance  Provisions,  (5)  Preparation  for 
Delivery,  (6)  Notes.  As  is  usual  with  U.S.  military  specifications,  the  Index  is  at  the  end. 

The  bulk  of  the  material  is  contained  in  the  Requirements  Section  which  is  broken  down  into 
eight  subsections:  3.1  General  requirements,  3.2  Hover  and  low  speed,  3.3  Forward  flight,  3.L  Transition, 
3.5  Characteristics  of  the  flight  control  system,  3.6  Takeoff,  landing  and  ground  handling,  3.7  Atmos¬ 
pheric  disturbances,  3.8  Miscellaneous  requirements. 

As  the  title  implies.  Section  1,  Scope  and  Classifications,  defines  the  scope  and  application 
of  the  specification.  It  also  defines  the  framework  for  classifying  the  aircraft,  the  mission  Flight 
Phases  and  the  Levels  of  flying  qualities.  This  section  of  the  specification  has  been  used  to  define  a 
general  framework  which  permits  tailoring  each  requirement  according  to:  (a)  the  kind  of  airplane 
(Class),  (b)  the  Job  to  be  done  (Flight  Phase),  (c)  how  good  the  flying  qualities  must  be  to  do  the 
required  Job  (Level). 

Figure  1  shows  hew  these  considerations  are  related  and  illustrates  that  use  of  this  framework 
would  permit  stating  36  different  values  for  a  given  flying  qualities  parameter,  even  after  combining  the 
Flight  Phases  into  three  categories.  This  detailed  breakdown  makes  the  structural  parallel  the  U.  S. 
military  specification  for  conventional  aircraft,  MIL-F-8785B  (Ref.  lh),  and  helps  the  phasing  into  MIL- 
F-8785B  at  V  =  Vcon,  where  Vcon  is  the  spe.d  at  which  the  requirements  of  the  conventional  airplane 
specification,  MIL-F-8785B,  begin  to  apply. 

REQUIREMENTS 

The  Requirements  section  commences  with  a  general  statement.  This  provides  a  detailed  explanation 
of  the  framework  used  to  determine  the  conditions  at.  which  the  requirements  of  the  specification  should 
be  applied.  The  conditions  of  the  aircraft  which  have  to  be  considered  cure  defined,  and  the  framework 
for  determining  the  corresponding  flight  conditions,  primarily  in  terms  of  speed,  altitude  and  load 
factor,  is  explained.  In  addition,  a  detailed  explanation  is  given  for  applying  the  concept  of  Leyela 
of  flying  qualities.  The  stability  and  response  requirements  are  written  for  two  flight  regimes:  Cl) 

Fixed  Operating  Point  Flight,  (2)  Accelerated  Flight. 

Fixed  Operating  Point  (FOP)  Flight 

This  is  the  name  that  has  been  used  for  flight  consisting  of  maneuvering  about  a  constant  trim 
condition.  For  this  condition,  the  techniques  of  linearized  constant  coefficient  analysis,  which  have 
been  used  for  years  on  conventional  aircraft,  seem  to  apply.  As  a  result,  the  conventional  techniques  of 
understanding  and  specifying  flying  qualities  have  been  extrapolated  into  the  lower  speed  range. 
Quantitative  requirements  are  placed  on  familiar  concepts  such  as  static  stability,  dynamic  stability, 
control  power,  response  to  control  inputs  (sensitivity),  and  control  lags.  The  requirements  have  to 
cover  all  speeds  from  hover  to  Vcon.  Within  this  speed  range  significant  changes  take  place  which  make 
it  necessary  to  change  the  flying  qualities  requirements.  The  reasons  can  be  summarized  as  follows: 

(1)  The  characteristic  modes  of  motion  undergo  substantial  changes  in  form,  as  forward  speed  increases; 

(2)  The  change  from  direct  lift  to  aerodynamic  lift,  as  forward  speed  increases,  results  in  changes  in 
important  stability  derivatives,  and  necessitates  changes  in  pilot  control  technique;  (3)  Hie  parameters, 
and  the  specific  values  of  those  parameters,  which  adequately  describe  a  level  of  handling  qualities  in 
hover,  are  inadequate  or  inappropriate  to  assure  a  similar  level  at  high  forward  speeds. 

It  would  be  ideal  if  the  requirements  could  be  made  a  continuous  function  of  some  parameter 
such  as  speed.  Unfortunately  the  existing  knowledge  of  V/STOL  flying  qualities  has  not  allowed  this, 
and  so  a  two  part  arrangement  has  been  chosen  with  the  division  at  35  knots.  There  is  nothing  profound 
about  35  knots  -  it  is  a  compromise  chosen  on  the  basis  of  our  present  understanding  and  includes  the 
following  considerations:  (a)  There  is  a  substantial  amount  of  published  data  resulting  from  experi¬ 
ments  done  in  and  around  the  hover  condition.  These  experiments  typically  involved  tasks  in  which  the 
vehicle  achieved  translation  velocities  as  high  as  35  knots,  (b)  Many  aircraft  begin  to  develop  "signi¬ 
ficant"  amounts  of  aerodynamic  lift  above  35  knots,  at  which  time  there  often  exists  a  basic  change  in 
the  dynamics.  For  example,  one  usually  finds  that  hover  approximations,  such  ns  effectively  decoupled 
height  mode,  begin  to  break  down  at  about  35  knots,  (c)  Along  with  the  changing  nature  of  the  dynamics 
there  is  usually  a  change  in  the  piloting  technique. 

Hovering  over  a  spot  at  any  angle  to  a  35  knot  wind  is  a  requirement  of  HIL-F-83300  (and  others). 
Consideration  was  given  to  increasing  the  wind  speed  in  which  hovering  capability  is  required.  However, 
it  was  found  that  the  probability  of  encountering  winds  greater  than  30-bo  knots  did  not  Justify  a  change. 
Certainly  winds  higher  than  35  knots  can  be  encountered,  but  it  was  assumed  that  the  margin  of  the 
Service  Flight  Envelope  over  the  Operational  Flight  Envelope  will  provide  Level  2  hovering  capability  at 
speeds  greater  than  35  knots.  Further  margins  cay  have  to  be  demanded  in  special  cases. 

Since  35  knots  is  a  satisfactory  dividing  speed  from  t’  point  of  view  of  both  aircraft  dynamics 
and  operational  considerations,  it  was  convenient  to  group  the  requirements  by  speeds.  If  it  had  been 
decided  that  hovering  capability  was  necessary  up  to  some  significantly  higher  speed  such  as  60  knots, 
then  a  core  complex  division  of  the  dynamics  and  operational  aspects  would  have  been  necessary  and  thereby 
created  the  need  for  a  much  more  complicated  specification  structure. 
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With  the  step  change  at  35  knots,  considerable  care  has  been  exercised  to  allow  the  requirements 
for  speeds  less  than  35  knots  to  blend  with  the  requirements  for  speeds  greater  than  35  knots ,  and  to 
blend  with  the  requirements  of  MIL-F-8785B  at  Vcon. 

Sections  3.2  and  3.3  then,  provide  requirements  for  Flight  Phases  which  involve  maneuvering 
about  trim  speeds  in  the  range  +  35  knots  and  35  knots  to  Vcoa  respectively.  For  example,  a  STOL  aircraft 
required  to  perform  its  landing  approach  at  60  knots  would  have  to  satisfy  the  requirements  of  3.3  for 
that  flight  condition.  A  V/STOL  which  has  to  be  able  to  perform  tasks  involving  flight  at  25  knots  has 
to  satisfy  the  requirements  of  3.2  at  that  flight  condition.  An  aircraft  with  an  Operational  Flight  Phase 
which  spans  35  knots  has  to  satisfy  3.2  and  3.3  at  the  appropriate  flight  conditions. 


Accelerated  Flight 

When  considering  the  flying  qualities  of  conventional  aircraft  it  has  been  possible  to  virtually 
ignore  the  effects  of  acceleration  (acceleration  referring  here  to  changing  flight  condition,  particularly 
speed,  rather  than  accelerations  due  to  maneuvering)  except  for  a  few  special  conditions,  such  as  passing 
through  the  trsnscnic  speed  range.  This  happy  circumstance  is  probably  because  the  changes  occur  rela¬ 
tively  slowly  when  compared  to  the  frequencies  of  the  rigid  body  modes.  Die  acceleration  capabilities  of 
a  V/STOL  and  the  significant  changes  in  <tynamics  and  response  which  occur  between  zero  speed  and,  say,  100 
knots  make  it  unlikely  that  we  will  be  so  lucky  with  V/STOL  aircraft.  It  is  desirable  that  a  good  under¬ 
standing  of  the  importance  and  extent  of  the  transition  problem  be  obtained  as  soon  as  possible. 
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Unfortunately  the  dynamics  involved  in  a  rapid  transition  are  not  yet  yell  understood.  For  j 
understanding,  it  is  tempting  to  consider  the  dynamics  of  trsnsition  as  though  represented  by  a  sequence  5 
of  equilibrium  or  fixed  operating  points.  Figure  2  shows  how  the  longitudinal  dynamics  of  the  augmented  j 
X-22A  change  for  such  a  sequence  of  points.  \ 


Clearly  the  changes  in  dynamics  are  considerable,  so  bearing  in  mind  that  the  changes  can  occur 
in  as  little  at  18  seconds,  the  question  is  how  to  interpret  these  changes.  Diere  is,  as  yet,  no  general 
answer  to  this  question;  however,  some  consents  can  be  made. 

First,  if  one  does  wish  to  treat  the  accelerated  flight  condition  as  a  series  of  "frozen  points" 
it  is  necessary  to  evaluate  the  aerodynamic  characteristics  for  the  appropriate  aircraft  state.  An  air¬ 
craft  such  as  the  X-22A  can  encounter  a  wide  range  of  speeds  and  power  settings,  at  a  given  conversion 
angle,  depending  on  the  rate  of  conversion  and  whether  accelerating  or  decelerating  (Reference  15).  Such 
changes  can  have  a  very  marked  influence  on  the  nature  of  the  aerodynamic  force  and  moment  characteristics 
and  hence  on  the  "frozen  dynamics". 

Second,  it  is  simple  to  show  (Reference  15)  that  representing  a  time-varying  system  as  a 
sequence  of  time-invariant  systems  can  give  misleading  information  about  the  nature  of  the  dynamics. 
However,  it  is  not  a  simple  matter  to  put  a  quantitative  measure  on  such  effects  or  devise  alternative 
techniques  which  can  be  used  to  understand  the  dynamics  of  a  rapid  transition.  A  notable  attempt  has  been 
made  in  Reference  l6  to  develop  such  a  technique,  and  some  interesting  trends  are  shown  for  simple  varia¬ 
tions  of  the  derivatives  (e.g.,  linearly  proportional  to  speed).  However  the  problem  is  by  no  means 
solved. 
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How  consider  how  this  complicated  dynamic  situation  has  been  accommodated  in  the  specification. 
Transition  can  be  thought  of  as  two  basic  parts: 

1.  Control  of  the  speed  and  altitude  as  though  the  aircraft  was  a  point  mass. 


2.  Control  of  perturbations  in  speed,  altitude  and  attitude  from  the  desired  values. 

A  knowledge  of  the  first  part  can  be  obtained  by  controlling  the  aircraft  with  a  very  tight 
feedback  loop.  From  this  can  be  obtained  a  pseudo-trim  for  that  particular  transition.  When  flying,  the 
pilot  has  to  provide  this  pseudo-trim  and  also  control  the  perturbations  from  the  desired  transition. 


Die  difficulty  of  this  task  will  he  strongly  dependent  on  how  quickly  the  aircraft  diverges 

from  the  desired  nominal  value.  Diis  will  be  a  function  of  the  rate  at  which  the  out-of-trim  moments 

increase,  and  the  basic  dynamics  of  the  aircraft.  The  difficulty  of  the  task  will  also  be  influenced  by 
how  much  effort  the  pilot  has  to  exert  to  keep  the  aircraft  within  the  transition  corridor,  i.e. ,  within 
the  permissible  space  of  speed,  conversion  angle,  power  settings,  and  angle  of  attack.  These  are  the 
factors  to  which  attention  has  been  directed  in  the  requirements.  Because  of  the  current  lack  of  know¬ 
ledge  concerning  the  dynamics  in  transition,  these  have  not  oeen  prescribed.  If  an  aircraft  is  designed 
to  comply  with  the  FOP  requirements,  it  seems  reasonable  to  assume  that  the  resulting  transition  dynamics 
will  also  be  acceptable  or  at  least  can  be  made  to  meet  the  qualitative  requirements  without  excessive 
redesign.  Some  V/STOL  aircraft  (e.g.,  X-22A,  XC-lfc2)  have  flight  phases  which  require  TOP  operation  at 
most  speeds  below  Vcon  and  as  a  result  will  have  to  comply  with  the  POP  requirements.  Other  aircraft, 

such  as  the  Harrier,  may  have  no  flight  phase  which  requires  FOP  flight  at  speeds  between  about  35  knots 

and  Vcon.  Applying  the  FOP  requirements  between  35  knots  and  Vcon  might  be  unduly  conservative  for  these 
aircraft  and  so  the  flight-phase  flight-envelope  structure  has  been  arranged  so  that  the  FOP  requirements 
are  not  imposed  unless  the  mission  requires  such  operation.  This  statement  has  to  be  sligitly  qualified 
because  any  aborted  transition  is  in  fact  required  to  be  safe.  Of  course,  the  manufacturer  may  still 
use  the  FOP  requirements  as  a  design  guide,  but  research  needs  to  be  performed  to  determine  whether  or 
not  the  resulting  transition  characteristics  are  adequate,  ultraconservative  or  deficient.  If  they  are 
deficient,  of  course,  even  the  vehicle  which  has  to  perform  FOP  flight  will  have  unsatisfactory  tr. osition 
characteristics.  This  is  a  subject  which  needs  systematic  research. 

A  final  point  in  this  general  discussion  of  transition;  what  is  meant  by  "transition"? 

Reference  17  defines  transition  as  "the  act  of  going  from  the  powered  lift  regime  to  the  aerodynamic 


flight  regime  and  vice  versa".  For  the  purposes  of  applying  section  3.b  of  specification  MIL-F-83300 , 
the  following  definition  is  preferred:  "transition  is  the  act  of  changing  frou  one  fixed  operating  point 
to  another".  Ibis  latter  definition  reduces,  in  the  limit,  to  the  case  of  maneuvering  about  trim.  How¬ 
ever,  since  at  the  present  time  it  is  not  possible  to  specify  what  level  of  acceleration  is  significant , 
it  is  not  possible  to  be  more  definitive.  Certainly  consideration  should  not  be  restricted  to  complete 
conversions /reconversions,  as  implied  by  the  first  definition.  Also,  it  is  desired  that  aircraft  which 
do  not  change  configuration  when  they  accelerate  (e.g.,  helicopters)  should  also  be  required  to  satisfy 
the  transition  requirements.  This  intention  is  accommodated  more  clearly  by  the  preferred  definition 
since  it  does  not  involve  any  extraneous  concepts  such  ss  having  to  define  the  limits  of  the  powered  lift 
regime. 

The  remaining  requirements  in  the  specification  have  been  collected  into  four  groups: 

Characteristics  of  the  flight  control  system.  This  section  places  requirements  on 
mechanical  characteristics  such  as  control  force  h  re  about  and  gradients,  and  trim  characteristics. 

Takeoff,  landing  and  ground  handling  requirements.  Apart  from  conveni  .  .  this  3i.— 
grouping  does  emphasize  the  fact,  that  landing  and  takeoff  are  distinct  flight  phases,  a.  chav  military 
aircraft  can  have  missions  other  than  takeoff  and  landing  in  the  speed  range  below  vcon* 

Winds  and  turbulence.  Some  requirements  are  written  in  terms  of  a  steady  wind  speed,  in 
which  case  compliance  with  the  requirement  should  he  demonstrated  in  flight,  in  that  wind  condition. 

Other  requirements  are  written  with  reference  to  operation  in  all  potential  atmospheric  environments.  In 
the  future  it  is  hoped  to  include  a  suitable  turbulence  model  in  the  specification.  For  the  present  time 
the  turbulence  model  and  intensity  to  be  considered  will  be  chosen  by  the  procuring  activity,  end  com¬ 
pliance  will  be  demonstrated  by  suitable  analysis. 

Miscellaneous  requirements.  Miscellaneous  requirements  that  are  equally  valid  at  all 
speeds  are  collected  together  in  the  miscellaneous  sections.  Topics  covered  include:  Warning  and  Pre¬ 
vention  of  Approach  to  Dangerous  Flight  Conditions,  Pilot-Induced  Oscillations,  Cross-Coupling  Effects, 
Transients  Following  Failures,  and  Control  Following  Thrust  Loss. 

THE  BACKGROUND  INFORMATION  AND  USER  GUIDE  (BIUG) 


General  Content  of  the  BIUG 

The  BIUG,  Reference  13,  was  published  in  support  of  Military  Specification  MIL-F-83300  "Flying 
Qualities  of  Piloted  V/STOL  Aircraft"  (Reference  l).  The  intent  of  the  document  is  to  explain  the  con¬ 
cept  and  philosophy  underlying  the  V/STOL  Specification  and  to  present-  some  of  the  data  and  arguments 
upon  which  the  requirements  were  based. 

The  material  presented  in  the  BIUG  was  obtained  or  generated  following  an  extensive  literature 
review  and  after  many  meetings  and  discussions  with  personnel  from  essentially  all  concerned  civilian 
and  governmental  organizations.  A  nunfrer  of  studies  were  performed  to  obtain  supplemental,  experimental 
and  analytical  data.  The  results  of  these  efforts  have  been  published  separately  in  References  19,  20, 

21,  22,  23,  and  2b. 

Section  II  of  the  BIUG  outlines  the  historical  development  of  the  specification  and  acknowledges 
the  many  organizations,  both  industrial  and  governmental,  that  contributed  conments,  criticisms  and 
suggestions  in  the  form  of  review  conments. 

The  philosophy  and  structure  of  the  specification  is  outlined  in  Section  III  of  the  BIUG.  Ihis 
attests  to  give  the  user  of  the  specification  an  appreciation  for  the  manner  in  which  the  requirements 
have  been  grouped;  especially  in  distinguisning  between  the  fixed  operating  point  requirements  and  the 
requirements  for  the  actual  transition  maneuver. 

Section  IV  presents  a  review  of  the  entire  V/STOL  Specification,  in  order,  paragraph  by  para¬ 
graph.  The  format  used  is  to  present  the  pertinent  paragraph ,  or  group  of  paragraphs  from  the  Specifica¬ 
tion,  and  then  to  follow  this  with  a  discussion  of  the  requirement,  a  discussion  of  the  theoretical 
background  and  experimental  data  on  which  the  requirement  is  based,  and  a  discussion  of  the  possible 
limitations  or  inadequacies  of  the  requirement.  Where  a  similar  requirement  or  design  criteria  existed 
before,  the  earlier  version  is  mentioned  to  provide  a  basis  for  comparison. 

PROBLEM  AREAS  REQUIRING  ADDITIONAL  RESEARCH 

A  considerable  amount  of  V/STOL  research  work  has  been  done  in  the  pest  15  years;  the  MIL-F-83300 
Specification  has  been  developed  based  on  the  results  of  these  efforts.  It  is  nonetheless  safe  to  say 
that  there  are  no  topics  which  would  not  benefit  from  more  and  better  dats.  It  is  hoped,  and  expected, 
that  having  a  specification  to  test  against,  the  various  test  activities  will  utilize  the  specification 
and  publish  data  -  thus  broadening  the  data  base.  For  test  data  to  be  of  value  in  providing  background 
for  future  development  of  a  specification,  it  must  contain  the  following  information:  (l)  the  aircraft 
stability  and  control  parameters  must  be  accurately  identified  and  quoted  -  preferably  with  the  records 
from  which  they  were  extracted;  (2)  sufficient  pilot  comment  data  must  be  included  to  be  able  to 
determine  the  answer  tc  the  question.  If  it  met  (or  failed)  a  given  requirement,  was  that  particular 
characteristic  satisfactory,  unsatisfactory  or  unimportant?  The  lack  of  well  documented  data  has  been 
a  continuing  problem  even  where  flight  tests  and  simulations  that  should  have  been  useful  have  been 
performed. 

The  biggest  single  need  is  for  some  operational  experience.  Arslysis ,  flight  test,  and  extrapolation 
from  airplane  and  helicopter  expeiience  i.as  provided  an  initial  baje.  We  need  tetter  information  on  the 
way  V/STOL  capsbili  ties  c«n  be  used  in  service  and  tbo  handling  quality  demands  that  result.  Examples 
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are  cross  wind  takeoff  and  landing,  maneuvering  in  turbulence,  thrust  vector  control,  characteristics  in 
engine  failure  conditions,  etc. 

Much  more  consideration  needs  to  be  devoted  to  I PR  versus  VFR  fli^it.  Very  little  guidance  is  pro¬ 
vided  in  the  available  literature  regarding  the  problems  of  handling  qualities  under  IFR  conditions. 

Ibis  may  be  attributable  to  the  fact  that  it  is  virtually  impossible  to  determine  the  required  level  of 
handling  qualities  without  considering  the  nature  of  the  information  display  provided  for  the  pilot.  In 
fact,  the  accomplisliment  of  some  tasks,  for  example  IFR  hover,  may  be  limited  not  by  the  level  of  flying 
qualities  but  rather  by  the  inadequacy  of  the  information  displayed.  Considering  the  present  rate  of 
development  of  advanced  information  display  concepts  for  all  flight  regimes,  it  is  difficult  to  establish 
a  philosophy  to  guide  the  formulation  of  IFR  handling  qualities  requirements. 

More  thorough  consideration  of  helicopters  and  STOL  vehicles  is  needed.  It  is  hoped  that  continued 
analysis,  test,  and  evaluation  will  lead  to  more  universal  application  of  the  requirements  of  MIL-F-8785B 
and  MJL-F-83300  to  these  vehicles  and  their  continued  improvement  and  validation. 

As  pointed  out  in  Reference  29  there  is  still  a  general  problem  in  that  there  is  no  very  tangible 
reward  given  to  the  contractor  if  he  achieves  a  design  with  excellent  handling  qualities  or  achieves  an 
optimum  tradeoff  of  flight  control  system  airframe  characteristics.  There  is  no  effective  penalty  for 
doing  a  poor  job.  facme  system  of  incentives  based  an  "payoff"  functions  related  to  the  general  require¬ 
ments  must  still  be  found  and  specified  before  the  designer  is  going  to  insist  on  more  than  mlnimums. 

The  current  specification  still  essentially  treats  each  item  separately.  Combinations  of  minimuns 
may  well  turn  up  poor  or  even  unacceptable  characteristics.  This  general  problem  is  still  with  us  and 
without  more  data  and  experience,  cannot  be  rectified. 

Following  are  discussions  of  several  specific  problem  areas.  This  list  is  by  no  means  inclusive. 
Additional  discussion  of  various  problem  areas  can  be  found  in  References  30,  31,  and  32.  It  is 
interesting  to  note  that  many  of  the  problem  arees  discussed  in  the  older  references  such  as  32,  still 
remain  as  problems  without  any  large  improvement  in  the  situation. 

CONTROL  POWER,  CONTROL  USAGE 

Control  power  can  be  a  very  important  design  parameter.  This  is  true  in  general,  but  can  be  particu¬ 
larly  critical  in  and  around  hover  where  all  the  lift  is  obtained  from  power  (or  thrust)  and,  very  often, 
providing  control  subtracts  significantly  from  the  lift  available.  It  is,  therefore,  highly  desirable  to 
provide  the  minimum  necessary  control  power. 

A  great  deal  of  work  has  been  done  in  investigating  control  power  along  with  control  sensitivity. 

Control  gain  (sensitivity  or  gearing)  is  relatively  straightforward  in  the  sense  that  one  can  be  sure 
that  whatever  is  provided,  was  really  used.  Control  power  is  a  very  different  matter.  If  a  level  of 
control  power  is  provided  arid  quoted  in  a  report,  one  is  seldom  able  to  determine  if  the  full  available 
power  was  ever  used,  and  if  used,  how  often. 

There  is  a  need  to  increase  the  useful  data  base  on  control  power  usage.  This  means  that  data  should 
be  presented  in  the  form  of  probability  density  function  plots  or  cumulative  probability  plots,  and  power 
spectral  density  function  plots.  Sufficient  information  should  also  be  given  so  that  it  is  possible  to 
distinguish  the  control  used  for  trim  from  the  control  used  to  maneuver  and  to  overcome  upsets. 

TRANSITION  FLIGHT 

Mast  of  the  quantitative  research  on  V/STOL's  to  date  has  been  done  on  the  FOP  condition.  The  tech¬ 
niques  developed  for  conventional  aircraft  seem  to  apply  at  such  conditions  and  30  have  been  used  as  the 
basis  for  flying  qualities  studies  studies.  Within  this  context  a  considerable  amount  of  research  has 
been  performed,  specifications  have  been  developed,  and  can  be  reasonably  substantiated,  though  there 
are  of  course  still  many  areas  where  precise  quantitative  data  need  to  be  obtained.  Unfortunately  the 
dynamics  involved  in  a  rapid  transition  are  not  yet  well  understood.  Obviously  transitions  can  be  flown, 
investigated  or  simulated  and  the  pilot  will  know  whether  or  not  that  particular  maneuver  or  aircraft  is 
satisfactory,  acceptable  or  unacceptable.  Unfortunately,  without  better  understanding  of  the  dynamics 
of  transition,  neither  the  pilot  that  flew  the  aircraft ,  nor  the  engineer  who  analyzed  the  results  -will 
be  able  to  define  mathematically  what  the  characteristics  were.  Without  such  a  definition  the  informa¬ 
tion  cannot  be  applied  to  future  aircraft,  nor  can  flying  qualities  criteria  be  established. 

HEIGHT  CONTROL  IN  HOVER 

There  is  a  need  to  improve  the  precision  with  which  VTOL  aircraft  can  be  hovered.  Ideally  a  height 
control  requirement  would  include  the  combined  effects  of  T/W,  engine  thrust  response,  height  damping  (2^.) 
and  perhaps  even  the  pitch  and  roll  dynamics.  This  is  certainly  not  possible  at  present,  in  fact,  there 
are  detailed  questions  about  the  current  data  base  for  even  interpreting  T/W  =  Zy  boundaries.  The  problem 
hinges  around  the  difference  between  natural  or  aerodynamic  height  damping,  and  height  damping  achieved 
by  feedback  to  the  thrust  controls.  The  present  specification  accounts  for  the  tendency  of  minimum  T/W 
required  to  increase  at  low  damping  levels  by  requiring  the  capability  to  develop  certain  levels  of 
incremental  vertical  acceleration  from  a  It  ft/sec  rate  of  descent.  As  is  pointed  out  in  the  BIUG  this 
phrasing  of  the  requirement  has  brought  out  the  fact  that  there  is  a  difference  betveen  artificial  and 
inherent  damping,  since  higher  minimum  T/W  is  required  for  compliance  when  damping  is  provided  by 
augmentation.  One  would  expect  that  from  a  piloting  standpoint,  it  would  be  immaterial  whether  damping 
is  inherent  or  artificial.  Previous  simulation  testing  and  analysis  provides  little  guidance  since  no 
distinction  was  made. 

Another  problem  which  has  been  virtually  ignored  in  the  literature  to  date  is  the  time  duration  that 
vertical  thrust  increments  arc  required  for  representative  maneuvering  situations.  For  example,  sone  VTOL's 
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may  be  capable  of  achieving  the  required  acceleration  levels  instantaneously  by  trading  off  stored 
kinetic  energy  in  the  propulsion  system  for  vertical  thrust.  However,  sustained  thrust  increments  may 
be  impossible  because  of  the  attendant  deceleration  of  the  propulsion  system.  This  aspect  of  the  problem 
should  be  addressed  in  future  simulation  efforts  by  including  representative  dynamic  characteristics  of 
VTOL  vertical  thrust  systems. 

LATERAL-DIRECTIONAL  PROBLEMS 

Several  of  the  forward  flight  lateral-directional  requirements  in  MIL-F-833C0  are  STOL  and  conven¬ 
tional  flight  oriented.  For  example,  requirements  3.3.8,  Roll-sideslip  coupling,  were  derived  empirically 
from  test  data  generated  from  aircraft  having  conventional  modal  characteristics.  These  requirements, 
which  are  stated  in  terms  of  parameters  such  as  $0SC^AV  sod  are  all  based  or.  an  underlying  theme, 

which,  briefly  stated,  is  that  in  lateral-directional  maneuvering  roll  control  inputs  are  '’primary"  and 
that  associated  sideslip  excursions  are  for  the  most  part  unwanted  effects  that  can  require  complicated 
and  objectionable  rudder  coordination  in  order  to  be  suppressed.  At  higher  speeds  there  is  substance  to 
this  theme  in  the  way  of  experimental  flight  test  data.  At  lower  speeds ,  the  development  of  large  side¬ 
slip  angles  during  maneuvering  does  not  appear  to  be  as  objectionable.  Large  sideslip  motions  are  common 
at  hover.  Thus,  somewhere  between  Vcon  and  hover,  the  role  played  by  sideslip  excursions  as  a  flying 
qualities  consideration  changes  and  perhaps  the  requirements  should  be  phased  accordingly. 

The  lateral-directional  stability  requirements  in  MIL-F-83300  were  formulated  using  a  data  bane  that 
reflected  low  values  of  Dutch  roll  frequency  but  there  is  u  need  to  obtain  data  for  very  low  frequencies. 
In  addition,  the  data  base  for  the  MIL-F-83300  stability  requirements  reflected  neutral  spiral  stability 
and  a  well  danced  roll  mode.  Data  on  more  stable  spirals  along  with  less  damped  roll  modes  is  needed. 
Finally,  there  is  a  general  need  for  data  on  configurations  having  stability  augmentation  systems  uith 
roll  attitude  feedback,  heading  hold  and  rate  command  control  loops.  Control  mechanizations  such  as  these 
are  not  represented  in  the  data  used  to  formulate  MIL-F-83300  requirements. 
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DYNAMIC  STABILITY  -  FIXED  OPERATING  POINT  FLIGHT 

The  flying  qualities  literature  gradually  expended  from  Control  Power  versus  Rate  Damping  studies  to 
more  realistic  models  including  the  effects  of  derivatives  such  as  Mg,  Mu,  and  Xu  (and  their  equivalent 
in  the  lateral-directional  plane).  Such  models  have  been  investigated  on  fixed  base  simulators  and 
moving  base  simulators  and  have  also  included  the  effects  of  wind,  turbulence,  and  control  system  lags. 

Attempts  at  correlating  the  results  of  these  studies  with  parameters  that  can  be  used  as  flying  quali¬ 
ties  criteria  have  used  techniques  based  on:  (l)  location,  in  the  s-plane,  of  the  roots  of  the  system’s 
characteristic  equation;  (2)  on  matching  the  time  history  of  the  response  to  a  specified  input;  (3)  by 
minimizing  a  performance  index  made  up  of  parameters  in  an  assumed  form  of  loop  closure  around  the  model. 
Because  they  were  still  novel,  methods  (2)  and  (3)  were  set  aside  for  further  development  and  method  (l) 
was  adopted  in  the  current  version  of  MIL-F-83300. 


It  is  realized  that  methods  (2)  and  (3)  offer  advantages  which  should  be  exploited  a3  soon  as  possible. 
These  advantages  include  the  ability  to  include  the  effects  of  control  system  dynamics  along  with  the 
characteristic  responses,  and  also  the  ability  to  be  generalized  to  cover  higher  order  systems. 

In  addition  to  the  problem  of  obtaining  correlation  of  the  experimental  data  with  a  suitable  flying 
qualities  criteria,  there  is  a  need  to  verify  that  the  experimental  models  contain  all  the  important 
effects.  Clearly  a  linearized  constant  coefficient  model  of  a  hovering  VTOL  is  nrt  exact,  but  it  has 
been  used  on  the  assumption  that  it  contains  all  the  important  features;  a  truly  representative  model  is 
too  complex  to  study  in  a  generalized  sense  so  has  to  be  simplified  to  its  essential  features  (though 
as  complete  a  model  as  possible  can  always  be  used  during  design  and  evaluation  of  a  specific  design,  it 
is  difficult  to  apply  the  results  of  such  a  study  to  other  configurations).  An  important  airea  for  research 
then,  is  to  determine  if  the  simple  models  on  which  criteria  are  being  based  really  do  direct  attention  to 
all  the  characteristics  which  need  to  be  specified. 

The  Forward  Flight  section  (3.3)  of  MIL-F-83300  addresses  the  "short-term  response  of  angle  of  attack 
following  an  abrupt  pitch  control  input".  In  the  limit  this  will  be  the  short  period  mode.  The  phugoid 
is  covered  by  a  blanket  requirement  on  "all  roots  of  the  characteristic  equation".  It  is  expected  that 
such  statements  are  sufficiently  general.  However,  there  is  a  need  to  study  all  the  aspects  of  longitu¬ 
dinal  dynamics,  and  equilibrium,  for  the  special  conditions  of  STOL’s. 

Considerable  effort  should  be  spent  on  developing  mathematical  models  which  contain  all  the  essential 
features  of  STOL  aircraft  currently  being  considered  in  preliminary  design  studies.  Experimental  investi¬ 
gations  should  then  be  performed  to  determine  how  the  short  term  response  dynamics  and  equilibrium  char¬ 
acteristics  (in  terms  of  stick  force  and  position  gradients)  interact  with  the  multiplicity  of  factors 
involved  and  techniques  such  as  closed  loop  analysis  using  pilot  models  may  be  useful  in  deriving  better 
understanding.  It  may  also  be  useful  to  try  techniques  such  as  response  matching  and  minimizing  the 
performance  index,  mentioned  in  the  Hover  end  Low  Speed  discussion. 

EQUILIBRIUM  CHARACTERISTICS 
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Longitudinal  equilibrium  requirements  are  presently  specified  in  terms  of  the  pitch  control  force  and 
displacement  gradients  with  speed.  Both  stick  force  and  position  are  required  to  be  stable  for  level  1 
and  for  Level  2,  IFR.  For  Level  2,  VFR  and  for  Level  3  a  small  unstable  position  gradient  is  allowed. 

These  requirements  are  a  constant  source  of  contention  between  the  military  and  the  aircraft  manufacturers. 
Denar  ding  sti'dc  force  and  position  stability  throughout  the  speed  range  0  to  Vcon  will  frequently  necessi¬ 
tate  a  complicated  control  system  with  a  series  actuator.  There  is  presently  a  scant  data  to  substantiate 
the  requirements,  though  qualitatively,  most  authorities  will  agree  that  they  are  desirable. 
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WIND  AND  TURBULENCE 


Unlike  MUj-F-8785  the  V/STOL  Specification  MIL-F-83300  does  not  define  the  turbulence  model  which 
should  be  used  in  investigating  the  requirements.  Many  investigations  have  demonstrated  that  wind  and 
turbulence  is  an  essential  ingredient  of  valid  flying  qualities  simulator  studies.  The  effects  of 
discrete  turbulence  on  V/STOL  aircraft  near  the  ground  are  especially  important.  During  the  last  few 
years  much  work  has  been  devoted  to  developing  new  and  better  turbulence  models  and  incorporating  these 
into  simulator  studies.  It  is  essential  that  improved  models  be  developed  and  applied  to  appropriate 
requirements. 


CONTROLLERS 


The  control  force  and  sensitivity  limits  are  written  for  conventional  stick  (or  wheel)  and  rudder 
pedals.  They  would  be  inappropriate  for  a  side  arm  controller.  The  side  arm  controller  may  find  its  way 
into  many  types  of  aircraft.  The  Huey  Cobra  (AH-1G)  already  utilizes  such  a  system  for  the  front  (gunner's) 
seat.  There  is  a  need  therefore  to  develop  suitable  criteria  for  such  controllers. 


AUGMENTATION  SYSTEMS 


Augmentation  systems  of  the  complexity  up  to  attitude  systems  have  been  considered  in  section  3.2  but 
there  are  no  provisions  to  cover  such  systems  as  the  velocity  conmand  system  developed  by  MIT.  In 
addition,  aircraft  having  a  significant  degree  of  attitude  augmentation  may  not  be  covered  by  the  require¬ 
ments  of  section  3.3  as  they  are  written.  This  is  particularly  true  in  the  case  of  lateral-directional 
augmentation,  where  heading  hold  or  turn  rate  systems  may  or  may  not  meet  the  requirements.  In  the  longi¬ 
tudinal  plane,  velocity  conmand  systems  are  not  covered. 


CONFIGURATIONS  OTHER  THAN  TILT  TO  TRANSLATE 


The  investigations  into  dynamic  stability  and  control  have  been  made  for  types  of  configurations 
which  have  to  tilt  to  translate.  It  is  not  possible  to  say  how  applicable  these  would  be  for  a  type  of 
configuration  which  had  direct  control  of  forces  and  used  thrust  vectoring  (independently  of  attitude)  for 
translation.  There  is  an  obvious  advantage  to  designing  an  aircraft  which  does  not  have  to  tilt  to 
translate/  the  attitude  can  remain  about  constant  and  hence  large  attitudes  can  be  avoided.  This  could 
be  particularly  advantageous  in  the  terminal  flight  phases  where  large  attitudes  interfere  with  the  field 
of  view.  The  dynamics  which  would  be  desirable  for  such  an  aircraft  will  no  doubt  be  different  from  the 
type  studied  to  data.  Hence,  if  preliminary  design  studies  show  such  an  arrangement  to  be  feasible  or 
desirable,  then  efforts  should  be  made  to  cover  them  in  the  requirements. 


RESEARCH  PROGRAMS 


To  attack  all  of  the  above  problems  and  the  many  others  that  need  work  to  be  performed,  would  involve 
a  very  large  program  and  correspondingly,  very  large  resources.  Furthermore,  many  of  these  problems  are 
not  amenable  to  quick  solution  by  mere  application  of  manpower. 


The  U.S.  Air  Force  has  a  three  year  program  presently  underway  to  refine  and  substantiate  the 
requirements  of  MIL-F-83300.  One  phase  of  that  program  will  be  an  investigation  of  attitude,  speed  and 
flight  path  control  in  the  Forward  Flight  region  during  landing  approaches,  using  both  ground  based 
simulation  and  in-flight  simulation.  A  second  phase  will  be  a  look  at  requirements  on  control  lags, 
control  mechanization  and  control  power  in  the  Hover  and  Low  Speed  region  using  fixed  and  moving  base  simu¬ 
lation.  This  program  will  involve  in-house  efforts  within  the  Air  Force  Flight  Dynamics  Laboratory.  Sub¬ 
contracts  with  National  Research  Council  of  Canada  and  United  Aircraft  Research  Laboratories  are  planned. 

In  addition  to  this  program  there  is  a  program  to  use  the  variable  stability  X-22A  for  various  investi¬ 
gations.  One  of  these  investigations  concerns  the  longitudinal  dynamic  response  requirements  in  Forward 
Flight  regions  of  MIL-F-83300.  The  X-22  programs  are  jointly  sponsored  by  the  U.S.  Navy,  U.S.  Air  Force, 
and  NASA  under  the  guidance  of  a  steering  committee  and  are  performed  by  Cornell  Aeronautical  Laboratory- 


Extensive  in-house  and  contract  work  on  further  improvement  and  validation  of  MIL-F-8785,  the  handling 
qualities  criteria  document  for  more  conventional  regimes  of  flight,  is  continuing.  This  work,  although 
not  directly  applicable  to  speeds  below  Vcon,  may  be  relevant  to  a  degree  ar.d  of  course  directly  affects 
V/STOL  vehicle  design  above  Vcon. 


Some  effort  is  being  directed  at  the  very  large  problem  area  of  turbulence  models  and  turbulence 
effects  on  aircraft.  Contractors  who  have  been  or  are  at  present  involved  in  such  work  include  University 
of  Washington,  University  of  Toronto,  Nortiirop,  and  Princeton.  Much  more  effort  is  required  before  this 
aspect  of  the  problem  can  be  properly  treated. 


The  U.S.  Air  Force  has  a  large  integrated  program  underway  concerned  with  the  technology  of  STOL 
vehicles.  It  is  expected  that  a  number  of  the  design  study  efforts  to  be  performed  will  add  considerably 
to  the  data  base.  Similarly,  the  large  NASA  program  on  STOL  vehicles  being  established,  should  be  very 
helpful.  Results  from  Harrier  tests  and  operational  type  use  would  also  be  of  great  value  as  they  become 
available. 


Work  is  continuing  on  pilot  vehicle  analysis  for  application  to  V/STOL  handling  qualities.  In-house 
efforts  of  AFFDL  on  "Paper  Pilot"  are  continuing  (see  paper  by  Anderson  in  this  volume).  Additional  work 
is  being  performed  by  Systems  Technology ,  Inc.  (STI)  under  contract.  A  very  ambitious  analytical  effort 
has  been  recently  completed  by  STI  for  NASA,  Reference  33.  Tnis  effort  involves  prediction  of  pilot 
ratings  for  the  complete  multi-axis  pilot  vehicle  systen  including  displays.  Other  work  by  Bolt  Beranek 
and  Newman  (BBN)  has  been  completed  or  is  underway  in  tnis  area  (Reference  31*).  Additional  recent  efforts 
or.  pilot-display  research  are  discussed  in  References  35  and  36. 


Even  though  we  have  reached  a  milestone  in  development  of  V/STOL  criteria,  we  intend  to  contirue  our 
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efforts  cn  about  the  same  high  level  t.o  further  V  el  op  and  refine  the  criteria.  He  wj.11  resist  the 
temptation  to  ’•elax  in  our  efforts  now  that  a  reu.  •*  ,le  set  of  criteria  has  been  attained.  It  is  to  be 
expected,  however,  that  our  efforts  for  the  next  year  or  so  will  be  directed  at  analyzing  the  basis  of 
critical  requirements  and  at  improving  the  database,  before  another  attempt  is  made  to  generate  a  large 
scale  change  in  the  criteria. 

REFERENCES 

1.  Anon:  Military  Specification — Flying  Qualities  of  Piloted  V/STOL  Aircraft,  MIL-F-83300,  31  Dec  71 

2.  Anon:  V/STOL  Handling  I  —  Criteria  and  Discussion,  AGARD  R-577-70,  December  1970 

3.  Anon:  Military  Specification — Helicopter  Flying  Qualifies  and  Ground  Handling  Qualities:  Geneial 
Requirements  for.  MIL-H-&501A,  September  1961 

h.  Anon:  Tentative  Airworthiness  Standards  for  Verti craft /Powered- Li ft  Transport  Category  Aircraft, 
Flight  Standards  Service,  Department  of  Transportation,  Federal  Aviation  Administration,  Washington,  D  C. 
July  1968 

5.  Kroll,  J. ,  Jr.,  Initial  VTOL  Flight  Control  Design  C-iteria  Development-Discussion  of  Selected 


p.  won,  j.,  ur. ,  xr.it laj.  yxux.  tiignt  control  uesrgn  un 
Har.dling  Qualities  Topics,  AFFDL  TR  67-151,  October  1967 


6.  Chalk,  C.R. ,  G.  Saunders,  J.  Kroll,  F.  Eckha.-t,  R.  Smith:  V/STOL  Flying  Qualities  Criteria  Develop 
ment,  Vclutr."  I,  A  Proposed  Military  ^pacification  for  V/STOL  Flying  Qualities,  October  1958 


7.  Chalk,  C.R. ,  G.  Saunders,  J.  Kroll,  r.  Eckhart,  R.  Smith:  V/STOn  Flying  Qualities  Criteria  Develop 
ment,  Vol”me  IX,  Background  information  aid  User's  Guide  for  the  Proposed  Military  Specification  for 
V/STOL  Flying  Qualities,  October  1968 


8.  Chair.,  C.R. ,  D.L.  Key,  J.  Kroll,  R.  Wassorman,  R.  Radford:  A  Proposed  Military  Specification  Cor 
V/STOL  Flying  Qualities .  (Revision  l),  September  1969 

9.  Chalk,  C.R. ,  D.L.  Key,  J.  Kroll,  Jr.,  R.  Wasserman,  R.  Radford:  A  Proposed  Military  Specification 
for  V/STOL  Flying  Qualities.  (Revision  2),  November  1969 

If.  Anderson,  R.O. ,  A  New  Approach  to  the  Specification  and  Evaluation  of  flying  Qualities,  AFFDL  TR  69- 
120,  November  1970 

11.  Chalk,  C.R. ,  D.I.  Key,  J.  Kroll,  Jr.,  R.  Wasserman,  R.  Radford:  Background  Information  and  User 
Guide  for  a  Proposed  Military  Specification  for  .7ST0L  Flying  Qualities,  Cornell  Aeronautical  Laboratory. 
December  19^9 

12.  Anon:  Military  Specification — Flying  Qualities  of  Piloted  V/STOL  Aircraft,  AF  Draft,  July  1970 

13.  Chalk,  C.R. ,  D.L.  Key,  J.  Kroll,  Jr.,  R.  Wasserman,  R.  Radford:  Background  Information  and  User 
Guide  for  KID-F-83300  Military  Specification — FIyl..g  Qualities  of  Piloted  V/STOL  Aircraft.  AFFDL  TR  70-68 
March  1971 

it.  Anon:  Military  Specification — Flying  Qualities  of  Piloted  Airrlanes,  KIL-F-8785D(ASG) ,  August  1969 

15.  Key,  D.L.  and  L.E.  Reed:  VTOL  Transition  Dynamics  nnu  Equations  of  Motion  with  Apnl;  cation  to  the 
X-22A.  Cornell  Aeronautical  Laboratory  Report  .0.  TB  2312-F-l. 

16.  Curtiss,  K.C. ,  Jr:  An  Analytical  Study  of  the  Dynamics  of  Aircraft  In  Unsteady  Flight.  USAAVLA3S 
Technical  fi-port  6v-t8,  October  1965 

17.  Ransoms,  R.K.  and  J.G.  Sasquez:  Fne  Repi-rt  of  ~.ne  Ad  Hoc  Committee  on  V/STOL  Terminology,  Air 
Force  Flight  Test  Center  Report  SP  67-1001,  July  iyof 

18.  Streiff,  H.G. ,  Study,  Survey  of  Helitcnter  and  V/STOL  A-' rcraf.  Simulator  Tniner  Dynamic  Response. 
Volume  II,  Dynamic  Response  Criteria  for  V  STOL  -Urcraft  Flight  Trainers.  Technical  Report  NAVTRADEVCEN 
1752-2,  May  19c7 

19-  McCormick,  R.L. :  VTOL  Handling  Qualities  Criteria  3:  ugy  Til^n-gh  Moving-3ase  Simulation,  AFFDL  TR  69 
27,  June  1969 

20.  Miller,  D.F.  and  E.W.  Vir.jc:  Fixed -Base  Flight  Simulator  Studies  cf  VTOL  Aircraft  Handling 
Qualities  in  Hovering  and  Lew-Speed  Flight.  AFFDL  .R  67-152,  January  1968 

21.  Vinje.  E.W.  ar.u  D.F.  Miller:  Analytical  :-nd  Flight  Simulator  Studies  to  Develop  Design  Criteria 
for  VTOL  Aircraft  Control  Systems,  .V  rD  L  TR  68-165,  April  1969 

22.  Craig,  S.J.  and  A.  Campbell •  Analysis  ?"  VTOb  Handling  Qualities,  Part  I,  Longitudinal  Hover  and 
Transition.  AFFDi  TR  6.'-179,  Pari  I,  Octcb 19^2 

23.  Craig,  S.J.  -nnf  Campoi.il:  Analysis  of  VTOL  handling  Qualifies,  Port  II,  La;cral-Di rectional 
Hover  and  Transitions  AFFDL  TR  67--79,  Part  il,  February  1970 

Doetscn,  'IS.,  Jr.,  D.G.  Could,  D.K  M-'Gregcr:  A  Flight  Investigation  of  Lateral-Directional 
Handling  Qualities  fo-  V'STCL  Aircrall  in  i-ov-Specd  Maneuvering  Flight.  AFFDL  TR  69-tl ,  March  1970 


5-10 


I 


w. 


& 


25.  Faye,  A.E.,  Jr.:  Attitude  Control  Requirements  for  Hovering  Determined  Through  the  Use  of  a 
Piloted  Flight  Simulator.  I.'ASa  TN  D-79?,  April  19 

26.  Rolls,  L.S.  and  F.J.  Drinkwater:  A  Flight  Determination  of  the  Attitude  Control  Power  and  Damping 
Fenui repents  for  a  Visual  Hovering  Task  in  the  Variable  Stability  ana  Control  X-ltA  Research  Vehicle, 
RASA  T/i  D-1328,  Hay  1962 

27.  Seckel,  E. ,  J.J.  Traybar,  G.E.  Miller:  Longitudinal  Handling  Qualities  for  Hovering.  Princeton 

Report  Ho.  59**,  December  19ol  ~ 

28.  .Miller,  D.P.  and  J.W.  C3ark:  "Research  on  VTOL  Aircraft  Handling  Qualities  Criteria,"  Journal  of 
Aircraft.  Volume  2,  Ho.  3,  May  1965 

29.  Westbrook,  C.B. :  The  Status  and  Future  of  Flying  Qualities  Requirements,  AIAA  Paper  65-313.  July 
1965 

30.  Key,  D.L. :  The  Generation  of  a  Military  Specification  for  Flying  Qualities  of  Piloted  V/STOL 
Aircraft.  MIL-F-83300,  AFFDL  TR  71-2 J,  March  1971 

31.  Griffin,  J.M. :  Military  V/STOL  Flying  Qualities  Review,  SAE  Paper,  September  1970 

32.  Wilson,  R.K.  and  C.B.  Westbrook:  Handling  Qualities  of  VTOL  Aircraft.  AIAA  Paper  6h-777, 

September  196U  - 

33.  Ringland,  R.F. ,  R.L.  Stanleford,  and  R.E.  Magdaleno:  Motion  Effects  on  an  IFR  Hovering  Task- 

Analytical  Predictions  and  Experimental  Penults.  October  1970  — —  —  - 

3b.  Baron,  S.  and  D.  Kleinman:  Prediction  and  Analyses  of  Human  Performance  in  a  VTOL  lover  Task. 

7th  Annual  Conference  on  Manual  Control,  June  1971 

35.  Key,  D.L. :  The  Influence  of  a  Prediction  Display  on  the  Quasi-Linear  Describing  Function  and 
Remnant  Measured  with  an  Adaptive  Analog  Pilot  in  a  Closed  Loop.  7th  Annual  Conference  on  Manual 
Control,  June  1971 

36.  Wilckens,  V.:  On  the  Dependence  of  Information  Display  Quality  Requirements  Upon  Human  Character¬ 
istics  and  Pilot  Automatics.  7th  Annual  Conference  on  Manual  Control,  June  1971 


II 

I  5 


LEAD  DISCUSSION 


by 

D.G.  Gouid 

National  Aeronautical  Establishment 
Ottawa,  Ontario,  Canada 


I  think  there  will  be  general  agreement  among  us  that  Messieurs  Chalk  and  Westbrook  deserve  cocgrat-  j 

ulations  for  having  successfully  produced  a  7/STOL  flying  qualities  specification,  MIL-F-83300,  that  has 
been  accepted  by  the  U.S.  Air  Force  and  1  understand  is  likely  to  be  accepted  by  the  U.S.  Navy  and  Array. 

A  number  of  years  ago  I  was  a  member  of  a  committee  of  four  that  was  commissioned  by  the  Flight  Mechanics  i- 

Panel  to  produce  a  set  of  V/STOL  flying  qualities  criteria  for  AGARD  which  became  AGARD  report  k08.  It  v 

was  an  interesting  and  most  enjoyable  task  until  we  were  suddenly  faced  with  comments  on  the  report  from 

various  agencies  and  industries  following  a  meeting  held  for  that  purpose  in  Greece.  The  comments  and  ! 

ideas  received  were  sufficiently  diverse  and  conflicting  that  an  easy  way  out  was  chosen.  The  solicited 

comments  were  all  bundled  together  to  form  ar.  appendix  to  AGARD  1*08  and  republished  as  AGARD  U08A,  which 

fortunately  one  seldom  sees  in  references.  The  authors  cf  MIL-F-83300  were  much  more  bold.  Proposed 

specifications  were  submitted  for  review  three  times  to  interested  agencies  and  industries  and  revised 

accordingly  before  the  final  document  was  submitted  for  approval  to  the  U.S.  Air  Force.  I  think  then  that 

we  are  able  to  assume  that  the  final  version  reflects  the  current  view  on  V/STOL  flying  qualities  of  U.S. 

industries  and  government  agencies  concerned  with  uviation,  at  least  as  far  as  there  is  a  consensus.  For 

this  valuable  document  we  are  indebted  to  the  authors  of  this  afternoon's  paper. 

I  believe  that  they  should  be  further  commended  for  an  innovation  that  was  introduced  along  with 
MIL-F-83300  and  MIL-F-8T85-  I  am  referring  to  the  document  titled  Background  Information  and  User  Guide 
which  reached  its  final  revised  version  shortly  after  that  of  the  v'/STOL  Flying  Qualities  Specification. 

This  report  includes  substantiating  data  used  in  formulating  the  specifications  and  as  such  collects  to¬ 
gether  meaningful  data  and  analysis.  It  is  also  an  indication  of  the  thorough  manner  in  which  the  speci¬ 
fication  task  was  performed. 


This  afternoon's  paper  considered  a  number  of  problen  areas  where  additional  research  effort  or  ex¬ 
perience  is  needed  to  improve  upon  the  specifications.  I  would  like  to  make  some  comments  on  the  particular 
area  dealing  with  systems  commonly  referred  to  as  attitude  command  and  velocity  command  systems,  the  latter 
similar  to  that  proposed  by  M.I.T.  My  concern  is  not  that  of  being  able  to  define  better  response  criteria 
but  rather  that  most  such  systems  do  not  provide  the  pilot  with  useful,  and  in  my  opinion  often  essential 
information,  regarding  the  amount  of  moment  control  about  all  three  axes  that  has  been  used  to  trim  and 
manoeuvre,  or  perhaps  more  to  the  point,  how  much  moment  control  is  still  available  after  trimming  and 
manoeuvring.  It  is  certainly  such  information  that  allows  the  pilot  to  exploit  the  full  potential  of  his 
aircraft  when  necessary.  It  can  enhance  safety  considerably  in  that  the  pilot  is  able  to  make  a  better 
estimate  of  the  control  margin  he  needs  to  keep  in  hand  for  the  particular  circumstances  of  the  moment. 

In  systems  where  cockpit  control  position  is  approximately  linearly  related  to  moment  about  the  three 
axes  the  pilot  is  at  all  tines  aware  of  the  control  moment  that  is  still  available.  Such  is  the  case  when  | 

the  cockpit  control  is  linearly  connected  either  mechanically  or  hydraulically  with  control  surfaces,  cyclic  3 

pitch  cr  other  device  producing  the  moment.  An  example  of  a  system  used  in  the  past  where  this  correspon-  j 

dence  did  not  necessarily  occur  is  the  servo-tab  type  control.  It  has  been  necessary  to  tak»  particular  | 

care  in  the  design  of  servo-tab  elevator  controls  where  trim  was  achieved  through  incidence  changes  of  the  | 

horizontal  stabilizer  to  ensure  that  the  cockpit  control  position  reflected  with  reasonable  accuracy  the  ? 

control  margin  available  under  different  trim  conditions.  \ 

In  the  case  of  stability  augmentation  systems  where  control  surfaces  or  other  moment  producing  devices  ; 

move  without  corresponding  movement  of  the  cockpit  control,  the  problem  seems  to  have  been  adequately  allowed  3 

for  by  specifying  a  limit  to  the  authority  of  the  system.  Our  present  experience  is  nearly  all  related  to  i 

systems  which  only  augment  angular  damping  derivatives  and  I'm  not  sure  whether  present  specifications  are  • 

sufficient  for  augmentation  of  some  of  the  static  der-i.vat.ves.  ? 


In  the  case  of  attitude  command  systems  and  perhaps  even  more  so  vith  velocity  command  systems,  cock¬ 
pit  control  position  is  not  related  to  the  amount  of  cement  control  used  in  a  manner  that  is  interpretable 
by  the  pilot.  I  believe  that  the  possible  implications  of  this  in  these  systems  are  such  that  considerable 
work  is  necessary  before  any  attempt  can  bo  cade  to  arrive  at  ufficient  specifications. 


. . . . rtn— 


Er 


R.S.  Sliff,  FAA,  USA 

Toes  the  military  specification  83300  consider  community  noise  and  any  related  operational  problems? 


C.B.  Westbrook,  AFFDL,  USA 

This  aspect  is  not  presently  Included  into  consideration  when  defining  the  requirements  of  MIL-F-83300. 


0.  McGregor,  NRC/NAE,  Canada  j 

i 


Do  you  see  very  significant  differences  between  the  military  specification  and  the  AGARD  Handling 
Qualities  Criteria  that  will  be  difficult  to  resolve  so  that:  both  can  reflect  the  same  point  of  view? 

C.B.  Westbrook,  AFFDL,  USA 

The  military  are  customers  as  well  as  authors  of  the  requirements  and  as  a  result  we  have  the 
responsibility  and  authority  to  set  the  requirements  we  need.  We  did  use  inputs  from  the  various  NASA 
organizations  to  arrive  at  some  of  the  requirements  of  MIL-F-83300.  Dick  Kasicko  did  coordinate  some  of 
this  effort.  We  have  been  and  will  continue  to  evaluate  the  requirements  of  AGARD  577.  Many  of  the 
requirements  and  criteria  evolved  out  of  the  same  data  base  and  so  have  commonality  to  start  with.  I 
agree  with  you  that  AGARD  577  and  MIL-F-83300  should  come  together  at  some  point.  However,  AGARD  577 
is  not  a  specification  but  a  document  which  presents  criteria. 

S.B.  Anderson,  NASA  Ames,  USA 

It  should  be  recognized  that  we  tried  to  put  out  criteria  instead  of  specifications  and  in  this 
sense  MIL-F-83300  and  AGARD  577  are  different. 

I  think  there  Is  room  for  closer  collaboration  in  the  work  that  Mr.  Westbrook  is  undertaking  in 
the  future  program.  I  hope  we  can  work  together  a  little  more  closely  and  make  sure  that  there  aren’t 
so  many  differences. 
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SUMMARY 


This  presentation  reviews  the  design  concepts 
and  flight  characteristics  of  the  Canadair  CL-84 
tilt  wing  V/STOL  aircraft  as  related  to  handling 
qualities  and  compares  the  achieved  characteris¬ 
tics  with  the  revised  AGARD  V/STOL  Handling  Qua¬ 
lities  Criteria. 

It  is  shown  that  the  CL-84  characteristics 
are  in  general  accord  with  the  Criteria.  While  a 
few  of  the  Criteria  values  appear  inappropriate 
for  the  CL-84j  it  is  concluded  that  the  handling 
qualities  of  the  aircraft  would  be  improved  if  the 
aircraft  met  most  of  the  Criteria  in  the  areas 
where  it  presently  falls  short. 
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INTRODUCTION 


Canadair  Ltd.,  a  wholly-owned  subsidiary  of  General  Dynamics  Corporation,  has  been 
engaged  in  V/STOL  research  and  development  continuously  throughout  the  past  15  years, 
with  s'.pport  from  the  Canadian  Government.  Almost  from  the  outset,  this  effort  was  con¬ 
centrated  on  the  flapped,  tilt  wing  concept  and  has,  up  to  the  present  time,  materialised 
in  the  design,  development  and  flight  testing  of  the  CL-84  prototype  and  the  CL-84-I 
evaluation  aircraft  (Fig.  1). 


Fig.  1 


It  was  evident  at  an  early  stage  that  the  solutions  to  the  problems  of  flight  me¬ 
chanics  associated  with  the  flapped,  tilt  wing  concept  in  the  V/STOL  flight  regime  were 
not  readily  available.  Thus,  considerable  effort  has  been  expended  in  the  past  years  at 
Canadair  on  the  development  of  analytical  methods,  experimental  techniques  and  control 
system  concepts.  Methods  for  predicting  the  aerodynamic  characteristics  were  developed, 
and  several  thousand  hours  of  powered  model  testing  of  flapped,  tilt  wing  configurations 
have  been  completed  in  several  wind  tunnels  and  on  the  Canadair  mobile  rig.  Control 
system  designs,  ranging  from  purely  mechanical  to  "fly-by-wire”  concepts,  were  investi¬ 
gated.  It  became  increasingly  evident  from  the  aerodynamic  studies  that  extensive  control 
mixing  and  programming  would  be  required,  and  that  it  would  be  necessary  to  evaluate  the 
complete  closed  loop  system  comprising  the  characteristics  of  the  flight  sensor  system, 
the  human  operator,  the  control  system,  including  stability  augmentation  systems,  and  the 
uncontrolled  airframe  in  order  to  obtain  a  valid  assessment  of  the  stability,  control  and 
handling  qualities  of  an  aircraft  of  this  type.  The  degree  of  complexity  involved  in  this 
closed  loop  assessment  was  judged  to  virtually  exclude  purely  analytical  means,  and  fixed 
base  simulation  was  chosen  as  the  most  suitable  method  for  solution  of  the  problem.  The 
Canadair  fixed  base  simulation  was  supplemented  by  several  programs  undertaken  by  the 
N.A.E.  Flight  Research  Section  on  their  airborx.c  simulator.  References  1  and  2,  and 
associated  references,  deal  in  detail  with  the  early  development  of  the  flying  qualities 
of  the  CL-84  prototype. 

Flight  test  development  of  the  prototype  commenced  following  the  first  flight  in  May, 
19o5,  and  continued  until  the  aircraft  crashed  in  conventional  flight  in  September,  1967. 
Although  the  exact  cause  of  the  accident  could  never  be  proven,  £he  available  evidence 
pointed  firmly  to  a  jam  in  the  right  side  of  the  main  propeller  control  system.  An  ex¬ 
tensive  accident  investigation  revealed  several  areas  where  design  improvements,  as  re¬ 
lated  to  reliability  and  maintainability,  could  be  achieved,  especially  in  the  propeller 
control  system.  These  improvements  were  incorporated  in  the  CL-84-1  evaluation  aircraft. 
Original  plans  called  for  the  construction  and  flight  development  of  three  aircraft  for 
evaluation  by  the  Canadian  Armed  Forces  (Reference  3).  However,  following  flight  of  the 
first  CL-S4-1  in  February,  1970,  schedule  delays  and  cost  restrictions  resulted  in  con¬ 
traction  of  the  program  to  the  development  of  one  aircraft  by  Canadair.  It  is  the  opinion 
not  only  of  the  Company,  but  of  several  visiting  pilots,  that  the  aircraft  has  proven  it¬ 
self  worthy  during  the  past  six  months  and  will  be  ready  for  evaluation  at  the  end  of  the 
present  Company  program.  It  is  hoped  that  the  Canadian  Government  will  decide  to  proceed 
with  the  evaluation  program  next  spring. 

It  is  appropriate  that  the  applicability  of  V/STOL  Handling  Qualities  Criteria  to  the 
CL-84  snould  be  a  subject  at  this  Specialist  Meeting.  Throughout  the  development  of  the 
CL-84,  the  V/STOL  handling  qualities  of  the  aircraft  have  received  prime  attention  by  the 
Company,  and  in  the  author’s  opinion,  with  reasonably  gratifying  results.  While  it  must 
be  admitted  that  there  is  considerable  room  for  further  development  and  improvements  of 
the  handling  qualities  of  the  aircraft,  the  greater  desire  expressed  by  most  pilots  for 
improvements  in  the  conventional  flight  regime  rather  than  in  the  V/STOL  regime  is  perhaps 
testimony  to  the  Company's  attention  to  V/STOL  handling  qualities. 

It  is  the  objectives  of  this  presentation  t.o  review  the  design  concepts  and  charac¬ 
teristics  of  the  CL-S4  as  related  to  V/STOL  handling  qualities,  to  compare  the  achieved 
characteristics  with  the  revised  AGARD  criteria  as  given  in  Reference  4,  and  finally  to 
assess  the  applicability  of  the  criteria  to  the  C.L-K4  aircraft.. 
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ngSCRIPTl.W  OF  THE  CL-84-1 


General 


The  CL-84-I  is  a  twin  engined  turboprop,  tilt  wing  V/STOL  aircraft  with  a  design 
weight  of  11,400  lbs.  at  a  limit  load  factor  of  4.  Ultra-short  take-off  and  landing  per¬ 
formance  can  be  achieved  at  weights  up  to  14,700  lbs.  While  designed  primarily  as  a 
light  transport,  the  capabilities  of  the  aircraft  make  it  useful  for  many  other  roles 
such  as  search  and  rescue,  and  ground  support.  The  short  span  wing  is  essentially  fully 
immersed  in  the  slipstream  from  the  14  ft.  diameter  main  propellers  and  can  be  tilted  at 
any  angle  from  2°  to  102°  relative  to  the  fuselage  datum.  The  muscle  of  the  wing  tilt 
system  is  a  single  ball-screw  actuator  driven  by  two  hydraulic  motors  from  independent 
hydraulic  supplies.  The  hydraulic  motors  are  controlled  by  two  independent  electric  ac¬ 
tuators  signalled  from  a  two-way 'on-off  switch  on  the  pilot’s  power  lever.  The  wing  tilt 
motion  actuates  the  full-span  leading  and  trailing  edge  flap  systems,  which  increase  the 
lift  capability  of  the  wing  at  intermediate  tilt  angles,  and  the  trim  and  control  system 
gains  of  most  of  the  aerodynamic  trim  and  control  surfaces. 


>  f 


The  two  Curtiss  Wright  four-bladed,  fiberglass  main  propellers  rotate  in  opposite  1  i 

directions  and  are  interconnected  mechanically  by  a  cross-shaft  mounted  in  the  wing,  and  i 

driven  by  two  1500  S.H.P.  Lycoming  T-53  free  turbine  engines  through  gearboxes.  Over-  : 

running  clutches  between  the  engines  and  the  propeller  gear  boxes  permit  operation  of  the  ; 

main  power  train  and  assures  thr'  st  symmetry  in  the  event  of  one  engine  failure.  A  \ 

T-gearbox  at  the  centre  of  the  c  oss-shaft  drives  the  dual  two-bladed  counter-rotating  ; 

tail  propeller  via  a  tailshaft.  The  main  function  of  the  tail  propeller  is  to  provide  ; 

aircraft  pitch  trim  and  control  in  V/STOL  flights  but  the  tail  propeller  also  contributes 

significantly  to  the  total  lift  in  hover  and  low  speed  flight.  A  clutch,  brake  and  ; 

aligner,  operated  by  a  cockpit  master  switch  for  conversion  from  V/STOL  flight  to  conven¬ 
tional  flight,  permits  stopping  and  alignment  of  the  tail  propeller  blades  in  the  minimum  \ 

drag  configuration  for  flight  in  the  conventional  regime,  i.e.  with  the  wing  locked  down. 

Thus,  with  the  exception  of  the  interconnected  propellers,  the  aircraft  operates  as  a 

conventional  turboprop  aircraft  in  the  conventional  flight  regime.  ; 


The  tail  surfaces  consist  of  a  large  horizontal  tailplane  with  a  part-span  elevator 
mounted  low  on  the  aft  fuselage;  a  central  vertical  fin  with  a  rudder;  and  vertical  fin 
surfaces  end-plating  the  horizontal  tailplane. 


The  long-stroke,  tri-cycle  landing  gear  is  retractable  and  permits  operation  from 
unprepared  fields. 


Reference  5  gives  a  detailed  account  of  the  reasons  for  the  selection  of  the  CL-84 
aerodynamic  configuration. 

Flight  Control  System 


The  flight  control  system  of  any  V/STOL  aircraft  has  a  profound  influence  on  the 
V/STOL  handling  qualities  of  the  aircraft.  This  is  particularly  the  case  for  the  tilt 
wing  concept  where  many  of  the  aerodynamic  surfaces  provided  for  flight  in  the  conven¬ 
tional  flight  regime  are  used  for  trim  and  control  in  the  V/STOL  regime. 


The  CL-84  cockpit  has  side-by-side  seating  with  the  pilot  seated  on  the  left.  The 
flight  controls  are  fully  dualized,  but  a  co-pilot  is  not  required  for  operation  of  the 
aircraft.  The  cockpit  flight  controls  are  conventional  both  in  configuration  and  in 
operation;  longitudinal  stick  controls  pitch,  lateral  stick  controls  roll  and  the  rudder 
pedals  controls  yaw  in  all  regimes  of  flight  (See  Fig.  2).  Height,  or  thrust  control  is 
obtained  by  fore-aft  movement  of  a  power  lever  to  the  left  of  the  pilot.  A  hand-and-arm 
rest  is  provided  to  aid  precise  height  control  in  hover  and  low  speed  flight.  All  the 
cockpit  flight  controls  are  powered  by  servo  actuators  placed  under  the  cockpit  floor  to 
ensure  light  feel  forces  and  to  prevent  force  feed-back  from  operation  of  the  control 
and  stability  augmentation  systems.  Thus,  the  feel  forces  are  entirely  artificial.  At 
present,  a  "two-feel"  system  is  used  which  changes  the  light,  constant,  force  gradients 
used  for  V/STOL  operation  to  higher,  constant  values  for  conventional  flight  when  the 
conversion  master  switch  is  operated.  The  trim  actuators  are  connected  between  the  cock¬ 
pit  controls  and  the  cockpit  servo  actuators,  i.e.  trim  is  obtained  by  re-positioning  the 
main  control  surfaces  in  relation  to  a  fixed  cockpit  control  position. 

The  control  system  control  runs  consist  of  push-pull  rods,  bell-cranks  and  levers. 

In  addition,  for  all  the  controls  in  the  wing  and  nacelles,  transfer  mechanisms  mounted 
close  to  the  wing  tilt  axis  permit  the  transfer  of  control  motions  from  the  fuseiage  to 
the  wing  at  any  tilt  angle.  Close  tolerance,  low  friction  bearings  are  used  in  all  joints 
in  the  CL-84-I  so  that,  unlike  the  CL-84  prototype,  no  pre-loads  are  required  in  the 
control  systems . 

The  "brain"  of  the  V/STOL  control  system  consists  of  a  control  mixing  and  programming 
unit  mounted  in  the  fuselage  immediately  behind  the  wing  tilt  axis.  This  "mixing  box" 
contains  programming  cams  and  mechanisms,  summing  mechanisms  and  the  stability  augmenta¬ 
tion  system  actuators.  The  programming  devices  are  actuated  mechanically  by  the  wing 
rotation.  The  S.A.S.  inputs  are  summed  with  the  cockpit  control  inputs  upstream  of  the 
programming  and  mixing  units. 

The  longitudinal  pitch  control  circuit  connects  the  longitudinal  stick  directly  to 
the  elevator.  The  input  from  the  longitudinal  stick  and  the  pitch  S.A.S.  actuators  to 


the  tail  propeller  is  programmed  in  the  mixing  box  such  that  the  gain  varies  from  a  maxi¬ 
mum  at  65°  wing  tilt  to  zero  at  0°  wing  tilt.  Thus,  the  pitch  S.A.S.  authority  is  auto¬ 
matically  phased  out  for  conventional  flight.  In  addition  to  the  control  authority  pro¬ 
gram,  the  tail  propeller  mixing  box  cam  also  provides  a  trim  program  with  wing  tilt  such 
that  the  aircraft  pitch  trim  remains  essentially  constant  throughout  transition  from  hover 
to  conventional  flight  without  any  pilot  trim  input.  A  servo  actuator  at  the  tail  propel¬ 
ler  ensures  low  control  circuit  loads  for  normal  operation.  The  required  tail  propeller 
pitch  trim  authority  with  wing  tilt  is  minimized  by  programming  both  the  full-span,  single 
slotted  trailing  edge  flaps  and  the  horizontal  tailplane  with  wing  tilt  angle.  The  wing 
tilt  input  is  the  only  control  input  to  the  collective  flap  system  and  the  tailplane  so 
that  neither  collective  flap  deflections  nor  tailplane  deflections  are  used  in  conven¬ 
tional  flight.  Both  systems  are  redundantly  powered  by  hydraulic  servo  actuators. 


The  roll  control  circuit  connects  the  lateral  stick  to  the  main  propeller  blade  angle 
controls  and  the  trailing  edge  flap  surfaces,  which  serve  as  ailerons  as  well  as  flaps. 

The  lateral  stick  input  to  the  mixing  box,  -which  is  summed  with  the  roll  S.A.S.  actuator 
output,  gives  one  input  to  the  differential  flap/aileron  circuit  and  another  to  the  dif¬ 
ferential  main  propeller  blade  angle  circuit.  The  gain  of  this  input  to  each  circuit  is 
programmed  with  wing  tilt  angle  by  individual  cams  such  that  the  moment  reactions  from 
differential  flap/aileron  deflections  and  differential  blade  angle  deflections  add  about 
the  aircraft  roll  axis  and  approximately  cancel  each  other  about  the  yaw  axis  at  all  wing 
tilt  angles.  The  differential  flap/aileron  output  from  the  mixing  box  is  summed  mecha¬ 
nically  with  the  collective  flap  signal  for  each  side  of  the  wing  by  a  mechanism  mounted 
on  the  rear  wing  spar  as  shown  in  Fig.  2.  (Note  that  the  right  flap/aileron  control  run 
and  actuator  has  been  deleted  from  this  figure.)  Similarly,  the  differential  blade  angle 
output  from  the  mixing  box  is  summed  with  the  collective  blade  angle  for  each  side  by  a 
summing  mechanism  mounted  on  the  rear  wing  spar  inboard  of  the  right  side  nacelle.  (Note 
that  neither  the  differential  blade  angle  output  lever  from  the  mixing  box  nor  the  control 
run  to  the  summing  mechanism  are  shown  in  Fig.  2.)  The  roll  control  power  is  essentially 
obtained  from  the  differential  thrust  of  the  main  propellers  in  hover  and  entirely  from 
the  flap/ailerons  in  conventional  flight.  The  roll  S.A.S.  authority  to  the  flap/ailerons 
in  conventional  flight  can  be  retained  at  the  option  of  the  pilot. 


WING-TILT  CONnOUED  HYDRAULIC  ACTUATOR 


OUAL  CONTROLS 
I  \ 


WTNG-TIIT  AXE 


.  nor  PITCH  SCHEDULING 
AND  SUMMING  MECHANISM 


-  X  INPUT  FROM  ENGINE 

CONDITION  LEVERS 

- WING-TILT  ACTUATOR  CONTROL  MECHANISM 

- SPEED  SET  INPUT  FROM  COCKPIT 

•  PROPELLER  CONSTANT  SPEED  GOVBNORS 


'CONTROL  MIXING  A  PRO  GRAMM  MG  UNIT 


ENGINE  CONTROL  LEVER 


COLLECTIVE  t  DIFFERENTIAL 
FLAP/AILERON  SUMMING  MECHANISM 


FLAP/AIIERON  ACTUATOR 


horizontal  STAWIZER  ACTUATOR y 
CONTROLLED  »Y  VYING  TILT  T  / 


TAIL  PROP  ACTUATOR 


Fig.  2  CL-84-1  Flight  Controls 
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The  ya v  control  circuit;  is  conceptually  t.*u  same  as  the  roll  circuit  with.  the  excep¬ 
tion  that  the  rudder  pedals  are  directly  coriieei-ed  to  the  rudder.  In  this  case,  Che 
programming  cams  are  such  that  ~he  moment  react,.?  ons  from  the  differential  flap/aileron 
deflections  and  differentia]  blade  angle  deflections  add  about  the  yaw  axis  and  cancel 
about  the  roll  axis.  The  summing  mechanisms  for  he  lateral  stick  and  rudder  pedal  inputs 
to  the  differential  flap/a’ leron  circuit,  and  for  the  differential  blade  angle  circuit, 
are  located  in  the  mixing  box.  The  yaw  control  pover  is  essentially  obtained  from  the 
flap/ailerons  in  hover  n. id  entirely  from  the  rudder  in  conventional  flight.  Thu3,  the 
yaw  S.A.S.  authority  is  aucomatically  phased  cut  for  conventional  flight. 

Ihe  S.A.S.  system  consists  of  attitude  stabilization  and  rate  damping  in  pitch, 
roll  rate  damping,  and  rate  damping  with  control  augmentation  in  yaw.  The  pitch  rate 
gyros  and  actuators  are  duplicated .  The  yaw  control  augmentation  system  counteracts  the 
race  damping  when  the  rudder  nedals  are  displaced.  All  systems  are  self-monitored  and 
seif-centering  following  malfunctioning  or  failure. 

The  height,  or  thrust-power  control  system  is  in  principle  a  conventional  turboprop- 
direct  power  control-constant  propeller  speed  governing  system  with  propeller  blade  angle 
scheduling  added.  In  normal  operation,  the  two  engine  condition  levers  are  ganged  to  the 
cockpit  power  lever  so  that  the  single  power  lever  controls  the  power  of  both  engines, 
in  addition  to  the  direct  control  runs  to  each  engine,  the  sum  of  the  condition  lever 
motions  gives  a  collective  blade  input  to  the  two  propellers.  The  gain  of  this  input 
with  power  lever  travel  is  shaped  by  a  cam  in  the  propeller  scheduling  and  summing  mecha¬ 
nism  such  that  the  power  change  required  due  to  the  collective  propeller  blade  angle 
change  is  essentially  equal  to  the  change  in  power  available  from  the  engines  when  the 
airc'  i  operates  at  lew  speed.  In  order  to  prevent  gross  over-scheduling  with  increa¬ 
sing  ..  ance  ratio,  the  scheduler  cam  is  rotated  by  the  motion  of  the  constant  speed 
govfc. nor  actuator  such  that  the  overall  gain  from  the  scheduler  is  reduced  with  increa¬ 
sing  advance  ratio.  Thus,  for  rapid  power  lever  motions  at  constant  airspeed,  the  system 
operates  essentially  as  a  direct  blade  angle  control  system  with  the  propeller  governor 
trimming  the  blade  angles  to  exactly  match  the  power  available,  while  for  changes  in  air¬ 
speed  or  selected  propeller  r.p.m,,  the  governor  system  alone  provides  the  changes  re¬ 
quired  in  blade  angle. 

The  propeller  governor  system  consists  of  a  normal  and  an  independent  stand-by  sys¬ 
tem  with  various  under speed,  overspeed  and  switch-over  devices. 

The  main  propeller  blades  are  operated  by  dualized  pitch  control  units  powered  by 
redundant  self-contained  hydraulic  suppliec. 

While  it  must  be  admitted  that  the  CL-84-I  flight  control  system  is  not  a  simple 
system,  the  overall  performance  of  the  system  to  date  has  been  good  in  all  respects. 

Some  development  is  presently  needed  in  the  flap/aileron  circuit,  notably  for  conventional 
flight,  and  compensation  for  the  effects  of  structural  deflections  on  the  propeller 
control  circuits  may  also  prove  desirable  in  the  future. 
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FLIGHT  TEST  EXPERIENCE 


Prototv 


In  the  course  of  a  tvo  and  a  half  year  flight  test  program  from  1965  to  1967,  the 
prototype  aircraft  was  evaluated  by  sixteen  pilots  and  accumulated  the  following: - 

.  405  total  operating  hours 

.  145  logged  flight  hours 

.  305  total  flights 

.  346  VTOL  sorties 

.  109  STOL  sorties 

.  151  transitions 

Some  highlights  of  these  operations  are:- 

.  VTOL  operation  in  gusts  to  35  knots 

.  World’s  first  live  simulated  hover  rescues  by  V/STOL 
aircraft  over  land  and  water 
•  STOL  operation  without  wing  angle  restriction 
.  Conventional  flight  envelope  to  3^0  knots  and  3-0  g 

Successful  evaluations  of  the  prototype  aircraft  were  conducted  by  NASA  and  a  U.S. 
Tri-Service  V/STOL  test  team  that  included  representation  from  the  Navy,  Air  Force,  Army 
and  Marine  Corps.  It  was  also  flown  by  RAF  and  Canadian  Forces  pilots.  The  following 
are  abstracts  from  the  official  reports  of  the  evaluations: - 

a)  NASA-IM  X-1914 

"In  general,  based  on  the  limited  evaluation  performed,  most  of  the  flying 
qualities  in  the  hover,  transition,  and  cruise  modes  of  flight  were  considered 
good". 

b )  USAAVLABS  Technical  Report  67-84  on  Tri-Service  Evaluation 


"The  tilt  wing  concept  as  exemplified  by  the  CL-84  was  considered  to  be  suitable 
for  search  and  icscue,  surveillance,  light  transport  and  general  utility  mission 
applications.  The  aii craft  was  mechanically  simple,  generally  easy  to  maintain, 
and  easy  to  fly  . . .  the  deficiencies  noted  were  not  considered  to  be  conceptual 
and  were  of  a  nature  which  can  be  corrected  by  hardware  redesign  within  the 
state-of-the-art". 


To  date  (September  20,  1971),  the  following  flight  test  experience  has  been  accumu¬ 
lated  on  the  CL-84-1: 

.  166  total  operating  hours 

.  6C  logged  flight  hours 

.  95  total  flights 

.  74  VTOL  sorties 

.  70  STCL  sorties 

.  52  transitions 

Highlights  of  these  operations  are: 

.  Conventional  flight  envelope: 

3.65  g  at  170  knots  EAS 
2.15  g  at  300  knots  EAS 
.  V/STOL  flight  envelope: 

3.20  g  at  130  knots  EAS 
1.8  g  at  60  knots  EAS 

.  Operations  off-base  at  Nicollet  range; up  to  3  flights  per  day 

.  Minigun  firing  on  targets  at  speeds  of  0,  40,  100  and  200  knots 

.  STOL  and  conventional  flight  operation  with  external  tanks 
including  tank  dropping. 


Preliminary  flight  evaluations  of  the  CL-84-1  have  been  completed  by  pilots  from  the 
Canadian  Forces,  Royal  Aircraft  Establishment  and  the  U.S.  Navy.  These  pilots  were  una¬ 
nimous  in  rating  the  handling  qualities  in  hover  and  low  speed  as  excellent,  although 
some  problems  in  conventional  flight  were  noted. 
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COMPARISON  OF  CL-84  CHARACTERISTICS  WITH  AGARD  CRITERIA 


The  design  of  the  CL-84  prototype  aircraft  was  originally  guided  by  the  Recommenda¬ 
tions  of  AGARD  Report  No.  408.  As  the  results  of  analysis  and  simulation  studies  became 
available,  the  design  was  increasingly  influenced  by  these  results  rather  than  by  the 
Recommendations,  as  might  be  expected.  This  is  not  to  say  that  must  of  the  findings 
disagreed  with  the  Recommendations.  However,  Canadair's  interpretation  of  the  Recommenda¬ 
tions  at  that  time  might  have  led  the  CL-84  program  into  difficulties  if  the  Company  had 
blindly  considered  the  minimum  requirements  of  the  Recommendations  as  all  that  had  to  be 
met.  A  case  in  point  is  pitch  control  power  and  damping  in  hover  and  low  speed  flight. 

If  the  CL-84  had  been  designed  to  the  minimum  values  given  in  the  Recommendations,  the 
aircraft  would  probably  have  crashed  early  in  the  flight  test  program  during  decelera¬ 
ting  maneuvers  near  hover.  The  lesson  to  be  learned  from  this  is  that  no  recommendations, 
requirements  or  specifications  on  flying  qualities  will  ever  excuse  the  aircraft  designers 
from  doing  their  homework  properly. 


In  comparing  the  CL-84  V/STOL  handling  characteristics  with  the  Criteria  of  AGARD 
Report  No.  577,  it  was  found  impractical,  even  if  it  had  been  possible,  to  provide  direct 
evidence  from  flight  test  records  of  all  the  characteristics  of  the  CL-84.  Therefore, 
emphasis  has  been  placed  on  deriving  the  appropriate  values  for  the  CL-84  corresponding 
to  the  values  in  the  tables  presented  in  AGARD  577 .  All  the  values  quoted  were  obtained 
either  from  analysis  of  flight  test  data,  or  where  appropriate,  from  ground  tests.  Where 
values  either  vary,  or  are  unknown,  or  where  the  data  was  obtained  from  a  test  condition 
which  was  not  entirely  appropriate,  comments  are  included  below  the  tables  in  an  attempt 
to  indicate  whether  or  not  the  CL-84  meets  the  intent  of  the  Criteria.  Most  of  the  data 
is  derived  from  the  CL-S4-I,  but  in  some  cases  CL-84  prototype  data  has  been  used.  For 
the  convenience  of  the  reader,  the  section  mimbers,  titles,  table  numbers  and  figure 
numbers  of  AGARD  577  have  been  used  throughout.  Where  flight  test  time  histories  have 
been  substituted  in  lieu  of,  or  in  addition  to  tables,  the  figure  number(s)  used  is  that 
of  the  appropriate  table. 


Section  1  CHARACTERISTICS  OF  THE  CONTROL  SYSTEMS 

1.2  Control  'breakout  Forces 


V/STOL  Control  Breakout  Criteria:  Acceleration  System 


Control 

Axis 

Normal , 
lb. 

After  failure  of 
power  control 
system,  lb . 

Normal, 

After  worst  single 
failure  of  power 
control  system,  lb. 

Pitch 

0.5-1. 5 

5 

1-1.25 

Variable,  but 
probably  within 
criteria 

Roll 

0.5-1- 5 

4 

1-1 .25 

Yaw 

1  -1.0 

15 

6-6.5 

height: 

Collective 

Throttle 

1-3 

1-3 

5 

3 

Does  not  apply. 

3-5  No  change. 

Table  1.1 


After  failure  of  the  power  control  system  (single  failure),  there  is  no  significant 
increase  in  the  breakout  force  other  than  that  due  to  a  small  additional  circuit  friction 
which  is  variable  with  wing  tilt  angle.  While  not  measured  in  any  axis,  pilot  comments 
indicate  that  the  values  are  probably  within  the  criteria  throughout  the  flight  envelope. 
However,  due  to  the  valve  travel  in  the  inoperative  cockpit  actuator,  there  is  a  lost 
motion  of  approximately  +  inch  at  the  pilot's  control.  In  addition,  spurious  feed-back 
loads  from  the  elevator  to  the  longitudinal  stick  occur  in  hover,  particularly  in  ground 
effect. 


1 . 3  Control  Force  Gradients 


I 
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The  gradients  after  a  single  power  control  system  failure  have  not  been  measured.  3 

However,  excluding  the  effect  of  the  elevator  feed-back  load  in  pitch,  the  gradients  § 

should  not  be  changed  significantly  from  those  for  normal  operation  in  hover.  In  the  I 

STOL  regime,  the  roll  gradient  remains  the  same  as  in  hover,  while  the  elevator  and  rudder  ? 

hinge  moments  increase  the  longitudinal  stick  and  rudder  pedal  gradients,  respectively,  1 

with  airspeed.  While  the  pitch  gradient  may  exceed  10  lb. /in.  for  speeds  above  10C  knots,  | 

the  yaw  gradient  is  certainly  well  within  the  upper  limit  of 
V/STOL  flight  regime. 


V/STOL  Control  Force  Gradients: 

Acceleration  System 

Control 

Axis 

AGARD  Criteria 

CL-84-1 

VTOL« 

lb/in 

STOL 

Ib/in 

V/STOL 

lb/in 

Pitch 

1  -  2.5 

2-5 

2  .0 

Roll 

.5  -  1.25 

1  -  3 

2.0 

Yaw 

2.5  -  10 

10  -  35 

5.0 

Tables  1.2  and  1.3 

The  values  shown  apply  to  normal  operation  only. 


V/'STOL  Control  Force  Harmony  Ratio 

f 

Control  Force  Ratio 

AGARD  Criteria 

CL-84-1 

Minimum 

Maximum 

V/STOL 

Pitch/Roll 

1 

4 

1 

Yaw/Koll 

4 

8 

2.5 
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Table  1.4 


1.4 


Control  System  Free  Play 


The  CL-84-1  control  system  has  very  small  values  of  backlash  in  normal  operation. 
The  only  control  circuit  which  may  not  be  adequate  in  this  regard  is  that  of  the  flap/ 
ailerons  where  the  backlash  is  equivalent  to  ±  1  degree  aileron  movement. 

After  a  single  failure  of  the  power  control  system,  the  free  play  is  increased  by 
about  +  ^  inch  at  the  pilots  control . 


1.5 


Powered  Control  Systems 


The  only  suspected  deficiency  in  the  present  power  control  system  is  that  of  the  flap/ 
aileron  actuator.  As  indicated  in  para.  1.4  above,  a  deficiency  exists  in  the  flap/ai¬ 
leron  control  system  performance,  but  it  is  not  known  at  this  time  if  the  problem  is  due 
to  actuator  performance,  circuit  free  play,  flexibility  or  a  combination  of  these  factors. 


1 .6  Trim  Systems 

It  is  believed  that  the  CL-84-1  trim  systems  meet  all  thr  AGARD  Criteria. 

1  •  7  Height  Control  Systems 

Ihe  only  known  deviation  from  these  Cri teria  is  the  power  lever  friction  device  which 
can  only  be  adjusted  on  the  ground. 

1 .8  Thrust  Vector  Control 

The  wing  tilt  system  of  the  CL-84-1  appears  to  meet  these  criteria  in  all  respects. 
The  wing  tilt  switch  on  top  of  the  power  lever  demands  rates  programed  with  wing  tilt 
angle  and  direction  of  wing  motion  such  that  the  rates  are  compatible  with  the  maximum 
performance  of  the  aircraft.  Criticism  of  potential  inadvertent  operation  of  the  switch 
during  ground  taxi  can  be  attributed  to  inadequate  human  engineering  design  if  the  power 
lever  grip  for  operation  in  the  low  power  regime.  Since  ground  taxi  power  is  well  below 
the  Flight  Idle  setting,  this  hazard  is  not  present  in  flight. 
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1-10  Augmentation  Systems 

The  limited  authority,  high  gain  of  the  CL-84-1  S.A.S.  results  in  sudden  saturation 
of  the  pitch  and  roll  systems  in  gross  maneuvers  at  low  speeds.  While  these  characteris¬ 
tics  have  been  describee  by  pilots  as  mildly  unpleasant,  they  have  not  prevented  pilots, 
even  with  only  one  or  two  flights  in  the  aircraft,  from  executing  these  maneuvers.  The 
S.A.S.  meets  the  Criteria  in  other  respects. 


Section  2  LONGITUDINAL  STABILITY  AND  CONTROL 


flightrh^d5ta-f°r  n-ie  CL"8f-1  in  T*bles  2.1,  2.2  and  2.3  were  obtained  from  steady  level 
flight  at  various  wmg  angles  with  the  fuselage  level  and  95 %  propeller  r.p.m. 


2 . 2  Pitch  Control  Foweo 


Pitch  Control  Power  Characteristics 


AGARD  Criteria 

CL-84-1 

Pi tch  Control  Power 
Angular  Acceleration 

Rad . /Sec . ^ 

Hover 

STOL 

Hovei’ 

STOL 

.4  -  .8 

.4  -  .6 

+  1.2 

t  1.2 

Table  2.1 


With  the  high  value  of  control  power  and  high  gain  S.A.S. ,  the  maximum  control  power 
is  difficult  to  measure  in  flight.  The  values  shown  have  been  derived  from  partial  control 
inputs  and  extrapolated  to  full  inputs  by  using  the  known  tail  propeller  and  elevator 
characteristics. 

2 • 3  Control  Sensitivity 


Pitch  Control  Sensitivity:  Acceleration  System 

Pitch  Angular  Acceleration 
per  unit  control  deflection 
Rad . /Sec . ^/i n . 

AGARD  Criteria 

CL-84-1 

Hover 

STOL 

Hover 

STOL 

.08  -  .16 

0.3 

0.3 

Table  2.2 

As  <.  result  of  the  non-linear  variation  of  tail  propeller  thrust  with  blade  angle, 
the  pitch  control  sensitivity  is  not  linear  with  stick  deflection,  but  is  higher  for  for¬ 
ward  stick  than  for  aft  stick  displacements.  However,  the  change  in  sensitivity  is  essen¬ 
tially  smooth. 


2.4 


Pitch  Damping 


Pitch  Angular  Velocity  Damping:  Acceleration  System 

|  Angular  Velocity 
[  Damping,  1 /Sec . 

AGARD  Criteria 
_ _ 

CL-84-1 

Hover 

STOL 

Hover 

STOL 

-.5  to  -2.0 

I 

1 

O 

rH 

1 

-3-0 

-3-0 

Table  2-3 


The  nitc  i  response  of  the  aircraft  is  essentially  dead  beat  and  control  reversals 
arc  not  s  uiied  as  long  as  the  aircraft  operates  within  the  saturation  limits  of  the 
S.A.S.  at  :d  ■  and  rate  stabilization. 

2-5  >ntrol  System  Time  Lags 

»  *  ’ical  pitch  response  time  history  for  the  aircraft  in  hover  is  shown  in 

Figure  2..  .  ■'  .r* rate  the  control  system  time  lags.  From  a  steady  state  condition  with 

the  fuscla*.  *<  down,  the  longitudinal  stick  is  moved  aft  about  1.5  inches  in  about 
0-15  seconds.  The  pi teh  acceleration,  as  measured  hy  a  sensitive  accelerometer  in  the 

tail  of  the  aircraft,  shows  that  t>3»  of  the  maximum  pitch  acceleration  is  reached  at  about 
the  same  time  as  the  longitudinal  stick  reaches  its  full  aft  travel.  (The  scale  for  the 
accelerometer  is  omitted  since  it  does  not  show  angular  acceleration  directly.)  It  is 
clear  that  the  angular  acceleration  is  in  the  commanded  direction  within  less  than  0.1 
second  and  that  the  time  required  to  reach  63  percent  of  the  initial  maximum  acceleration 
i or  a  true  step  input  would  be  about  0.1  second.  These  values  arc  well  within  those  shown 


Al 


2.6.3  Thrust  Vector  Stability.  Wing  tilt  provides  an  exceptionally  powerful 

means  of  controlling  airspeed  and  the  CL-84  is  very  stable  in  this  regard. 

2 . 7  Longitudinal  Control  Characteristics  in  Maneuvering  Flight 

The  aircraft  satisfies  these  Criteria  in  normal  operation  at  constant  power  if  the 
pitch  S.A.S.  authority  limits  are  not  exceeded.  The  stick  force  per  g  is  about  15  lb ,  in 
the  speed  range  from  30  knots  to  70  knots.  With  a  single  S.A.S.  failure,  the  turn  rate 
for  S.A.S.  saturation  is  increased,  but  the  stick  force  per  g  is  reduced  to  about  5  lb. 
in  the  same  speed  range. 

2  .8  Dynamic  Stability 

The  short-term  pitch  response  of  the  aircraft  is  essentially  critically  damped 
throughout  the  V/STOL  flight  regime. 


2.9  and  2.11  Longitudinal  Control  Characteristics  in  Take-off  and  Landing 

While  the  CL-84  readily  meets  these  Criteria,  they  are  only  considered  of  importance 
to  the  aircraft  with  respect  to  the  requirement  for  adequate  control  power  to  maintain 
level  attitude  as  the  aircraft  passes  through  ground  effect.  Aircraft  rotation  in  the 
classical  sense  is  not  required  nor  used  for  STOL  operation. 

2.10  Longitudinal  Control  in  Sideslip 

For  STOL  operation  from  40  knots  to  90  knots,  aft  pitch  control  deflections  of  about 
20?  of  full  control  are  required  at  maximum  sideslip.  This  corresponds  to  about  2  lb. 
pull  force  and  is  well  within  the  limits  of  the  Criteria.  In  hover,  the  requirements  for 
pitch  control  inputs  in  yawing  turns  and  Lateral  translations  are  negligible. 

Section  3  LA  TLRAL - DIKLC  TI ON  AL  STABILITY  AND  CONTROL 

3 . 2  Roll  Control  Power 


Roll  Control  Power  Characteristic s:  Acceleration  System 

Parameter 

AGARD  Criteria 

CL-84-I 

Hover 

STOL 

Hover 

STOL 

Bank  Angle  after 

1  Sec.,  Deg. 

2-4 

2-4 

10 

20 

Roll  Angular  Acceleration 
Rad. /Sec. 2 

O 

M 

1 

OO 

1-5 

1.2  -  2.7 

Table  3-1 

At  speeds  around  40  knots,  the  control  power  is  limited  by  the  power  of  the  flap/ 
ailerons.  Control  power  could  be  increased  by  using  a  higher  gain  to  the  differential 
propeller  blade  angle,  but  pro-yaw  coupling  would  inevitably  result.  The  higher  value  in 
Table  3*1  corresponds  to  airspeeds  around  100  knots. 

3 . 4  Roll  Control  Sensitivity 


Roll  Control  Sensitivity  Characteristics:  Acceleration  System 

Roll  Angular  Acceleration 
per  unit  control  deflection 
Rad . /Sec .^/ in . 

ACARD  Criteria 

CL-84-1 

Hover 

STOL 

Hover 

STOL 

.2  -  .8 

-375 

.3  to  .075 

Table  3-2 

The  roll  control  sensitivity  is  essentially  linear  with  control  deflection  in  hover 
and  high  speed  V/STOL  flight.  At  speeds  arc-und  40  knots,  the  combined  flap/ailcron  de¬ 
flections  arc  sufficiently  large,  at  large  control  deflections,  to  cause  up  to  20?  re¬ 
duction  in  control  sensitivity. 

3. 5  Cross  Couuling 

Figure  3.3  shows  a  tame  history  of  an  uncoordinated  bank-t.o-bank  maneuver  at  30 
degrees  wing  tilt  (corresponding  to  a  speed  of  55-60  knots).  The  maneuver  was  initiated 
from  a  30  degree*  banked,  uncoordinated,  descending  turn  to  the  left  with  about  14  de¬ 
grees  of  sideslip.  The  bank  angle  is  reversed  .In  2  seconds  by  application  of  full  lateral 
stick  for  about  1’,  seconds.  The  tendency  for  pilot-induced  oscillations  in  arresting  the 


Table  3-3  (refer  to  Fig.  3.3) 


FIGURE  3.3 
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bank  angle  is  indicated  in  the  lateral  stick  trace.  This  is  a  result  of  the  inadequate 
performance  of  the  present  flap/aileron  circuit  as  discussed  earlier.  It  will  be  noted 
that  the  sideslip  angle  follows  the  bank  angle  with  about  a  ^  second  lag.  A  maximum  of 
10  degrees  right  sideslip  is  developed  during  the  maneuver  and  the  pitch  attitude  varies 

from  about  3°  nose-up  to  1°  nose-down.  (The  roll  acceleration  indicated  in  the  figure 

was  obtained  from  a  wing  tip  accelerometer;  the  scale  was  omitted  since  it  does  not  show 
angular  acceleration  directly.)  In  addition  to  the  parameters  shown  in  the  figure,  the 
test  records  show  the  following: 

.  A  small,  but  detectable  adverse  yaw  cross-coupling  (less  than  0.1  rad/sec2) 
resulted  from  the  lateral  stick  application. 

.  A  forward  longitudinal  stick  movement  of  £  inch  accompanied  the  lateral 
stick  application  and  resulted  in  an  incremental  normal  load  factor  drop 
of  0.1  g. 

.  Throughout  the  maneuver,  the  total  longitudinal  stick  movement  was  less 

than  -4-  inches  and  the  normal  acceleration  varied  from  1.0  g  to  1.2  g. 

,  Following  stabilization  of  the  right  bank  angle,  the  normal  load  factor 
varied  between  1.0  g  and  1.1  g. 

The  author  confesses  not  to  understand  these  Criteria  as  related  to  cross  coupling 
about  all  axes  following  abrupt  roll  control  inputs,  as  will  be  discussed  later,  and  is 
thus  unable  to  state  whether  or  not  the  CL-84  meets  the  Criteria  as  evidenced  by  the 
above  described  test  or  any  other  test.  However,  it  is  clear  from  the  CL-84  test  data 
that  roll  control  applications  as  such  produce  essentially  roll  moments  with  small  or 
negligible  effects  in  and  along  the  other  aircraft  axes. 


3  .6  Roll  Angular  Damping 


Roll  Angular  Velocity  Damping 

Parameter 

AGARD  Criteria 
Minimum  Levels 

CL-84-1 

Hover 

ST0L 

Hover 

ST0L 

Angular  Velocity  Damping,  1/Sec. 

-2  to  -4 

cp 

O 

to 

1 

-3-5 

-3-3  to  -6 

Table  3.4 

The  present  deficiency  in  the  flap/aileron  control  circuit  prevents  assessment  of  the 
number  of  control  reversals  to  stabilize  for  the  CL-34-1.  However,  the  CL-84  prototype 
met  these  criteria. 

3 • 7  Roll  Control  System  Time  Lags 


Roll  Control  i.ags 

AGARD  Criteria 

CL-S4-1 

Time  from  Control  Input  to  63$  of 
Peak  Angular  Acceleration,  Sec. 

-  ... 

.  2 

- 

-15 

Table  3-5  (refer  to  Fig.  3-3) 

pigtire  3-3  shows  that  the  angular  acceleration  is  in  the  right  direction  within  less 
than  0.1  second.  For  the  ramp-type  input  of  C.2  second  duration,  63  percent  of  the  acce¬ 
leration  is  reached  at  the  same  time  as  maximum  control  deflection,  t.o.  the  lag  to  a 
zero-time  input  is  0.1  to  0.15  seconds  and  well  within  the  limits  of  the  Criteria. 

3  •§  Peak  Roll  Control  Forces 


The  CL-S4  meets  those  Criteria  for  both  tormal  operation  and  single  hydraulic  failure 
throughout  the  V/STOI.  regime. 


3 . 9  Spiral  Stability 

The  aircraft  is  spirally  stable  in  the  classical  sense  throughout  the  V/STOL  regime. 
However,  in  and  near  hover,  an  unstable  lateral  oscillatory  mode  is  present,  mainly  as  a 
result  of  the  strong  lateral  speed  stability  (dihedral  effect)  of  the  aircraft.  With  the 
present  normal  value  of  roll  damping,  the  period  is  about  12  seconds,  and  the  time  to 
double  amplitude  is  about  30  seconds  in  the  medium  amplitude  range. 

3.10  Dihedral  Effect 


As  indicated  above,  the  CI.-S4  dihedral  effec 
hover.  The  dihedral  remains  positive  throughout 
from  40  knots  to  oO  knots,  40-J0  percent  of  f til  1 
slips  with  maximum  rudder  pedal  deflection.  This 
and  is  well  within  the  Criteria. 


t  is  more  positive  than  desirable  near 
the  V/STOL  regime.  In  the  speed  range 
lateral  stick  is  required  in  steady  sido- 
corresponds  to  a  force  of  about  J  lb. 
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3.12  Yaw  Control  Power 


Yaw  Control  Power  Characteristics 

Time  for  15°  Heading 

Change  -  seconds 

AGARD  Criteria 

CL-84-1 

Hover 

ST0L 

Hover 

STOL 

1.0  -  2.5 

2.0 

1-5 

Variable, 

4  1-5 

Yaw  Angular  Acceleration 
Rad . /Sec .  ^ 

CO 

1 

tn 

CO 

.4 

Variable. 

>  .4 

Table  3-6 

It  will  be  noted  that  the  aircraft  yaw  control  power  is  marginal  in  terms  of  yaw 
angular  acceleration,  but  meets  th«;  heading  change  criteria  in  hover.  The  yaw  angular 
acceleration  available  increases  with  speed  and  is  about  0.5  rad. /sec. 2  at  40  knots  air¬ 
speed. 


3.13  Yaw  Control  Sensitivity 


Yaw  Control  Sensitivity  Characteristics 

AGARD  Criteria 

CL- 

64-1 

Yaw  Angular  Acceleration 
per  unit  control  deflection, 
Rad./Sec.2/in. 

Hover 

STOL 

Hover 

STOL 

.05  -  .2 

u _ 

.05  -  .10 

.164 

Variable 

.164 

Table  3.7 

The  control  sensitivity  is  essentially  linear  with  control  deflection  in  hover  and 
at  low  wing  tilt  angles.  For  speeds  from  30  knots  to  60  knots,  the  sensitivity  reduces 
by  10  percent  to  20  percent  for  large  control  demands  due  to  the  reduction  in  effective¬ 
ness  at  large  deflections  of  the  down-going  flap/aileron.  A  larger  reduction  can  occur 
if  opposed  lateral-directional  control  is  demanded. 

3.14  Control  System  Lag 


The  yaw  response  of  the  aircraft  to  a  ramp  input  in  yaw  in  hover  is  shown  in  Figure 
3.3  •  It  will  he  seen  that  the  yaw  angular  acceleration  is  in  the  right  direction  within 
less  than  0.1  second  following  the  initiation  of  the  control  input  and  that  63  percent  of 
the  maximum  acceleration  is  reached  almost  at  the  same  time  as  the  completion  of  the  con¬ 
trol  input,  i.e.  in  less  than  \  second.  The  equivalent  time  for  a  true  step  input  would 
be  about  0.15  seconds,  which  is  well  within  the  0.3  seconds  of  the  Criterion. 

3.15  Peak  Yaw  Control  Forces 

With  the  present  feel  forces  in  the  aircraft,  the  maximum  pedal  force  falls  within 
the  Criterion  for  hover,  but  is  appreciably  less  than  that  for  ST0L  op< ration. 


i 


1 

( 


3.16 


Cross  Coupling 


The  cross-coupling  effects  in  hover  arc  based  on  maximum  yaw  control  input  turns. 

For  3T01.  operation,  the  cross-coupling  has  been  based  on  results  from  sideslip  reversals, 
using  full  yaw  control,  as  the  aircraft  passes  through  zero  sideslip.  The  effect  of  yaw- 
control  applications  on  normal  load  factor  is  small  and  is  not  readily  obtained  from 
existing  CL-S4  data. 


Yaw  Cross-Coupling  Characteristics 

Parameter 

AGARD  Criteria 

CL-S4-1 

Hover 

STOL 

Hover  and  STOL 

Apparent  Dihedral  Rolling 
Moment  Variation  with  Yaw- 
Rate 

Positive,  but  not 
more  than  50'S  of 
roll  control  to 
trim  for  &rnlax 

Positive  10-15*  for 
^  rma  \ 

Response  about  Pilch  \\is 

Pitch  angle  change 
less  than  2° 

Not  ob.iectionahle 
nit eh  down  with 
increase  in 
sidesl ip 

Negl i gi hi e 

Table  3-S 
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DEGREES  o 


-10 


10 


DEGREES  0 

I  . 

T.E. 

UP 


15 

10 

5 

DEGREES 

SECOND 

-5 


-10 


-15 
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3.17  Directional  Characteristics  in  Steady  Sideslips 

The  aircraft  meets  these  Criteria  throughout  the  V/STOL  flight  regime. 

3.18  Sioe  Force  Characteristics  in  Steady  Sideslips 

The  side  force  due  to  sideslip  is  larger  than  desirable  for  the  CL-84  and  makes  the 
aircraft  rather  gust  sensitive  in  high  speed  flight.  In  STOL  operation,  the  sideslip-to- 
bank  angle  ratio  in  constant  heading  sideslips  is  about  3  at  40  knots  and  about  2/3  at 
100  knots. 


Lateral -Directional  Dynamic  Stability 


The  roll-yaw  oscillatory  characteristics  of  the  CL-84  are  well  damped  in  the  STOL 
regime.  At  60  knots,  the  frequency  of  the  damped  oscillation  is  approximately  2  rad. /sec. 
and  the  product  of  the  undamped  natural  frequency  (Hj)  and  the  damping  factor  (£)  is 
about  1.8.  Referring  to  Figure  3.1  of  Reference  4,  it  will  be  noted  that  this  point  falls 
outside  the  figure  (above  and  to  the  left),  but  well  within  a  natural  extrapolation  of  the 
normal  flight  limit  for  satisfactory  operation. 

The  unstable  lateral  oscillation  in  hover  described  in  para.  3.9  does  result  in  yaw 
excursions  due  to  the  effect  of  the  directional  stability  of  the  aircraft  in  lateral 
translations.  However,  the  yaw  degree  of  freedom  is  not  required  to  sustain  this  oscil¬ 
lation,  and  it  appears  inappropriate  to  refer  to  it  as  a  roll-yaw  oscillation. 


Section  4 


HOVERING  AND  VERTICAL  FLIGHT  PATH  CHARACTERISTICS 


4*2  Ground  Effect 

The  ground  effect  characteristics  of  the  CL-84  are  favourable  to  performance  from 
hover  to  about  15  knots  airspeed  and  slightly  unfavourable  in  the  STOL  regime.  Recircu¬ 
lation  makes  the  aircraft  skittish  in  hover  in  close  proximity  to  the  ground,  but  no  up¬ 
set  disturbances  of  appreciable  magnitude  about  any  axis  are  actually  experienced.  The 
recirculation  disturbances  reduce  with  decreasing  wing  tilt  and  increasing  speeds  and  are 
not  evident  at  speeds  above  30  knots.  In  STOL  operation,  a  small  loss  of  lift,  an  appre¬ 
ciable  reduction  in  drag  and  a  nose-down  pitch  trim  change  -s  evident  when  entering  ground 
effect.  With  one  exception,  significant  difficulties  due  to  operation  in  proximity  of  the 
ground  have  not  been  experienced  in  any  part  of  the  V/ STOL  flight  regime,  either  in  normal 
operation  or  in  operation  with  simulated  S.A.5.  or  hydraulic  system  failures.  The  excep¬ 
tion  refers  to  rapid  deceleration  to  hover  at  low  heights  above  ground  (10  to  20  feet); 
when  the  aircraft  can  experience  loss  of  lift  in  catching  up  with  its  own  recirculation 
under  certain  wind  conditions.  Such  operation  is  generally  avoided  unless  a  larger-than- 
normal  thrust  margin  is  available. 

1 

4.3  Vertical  Flight  Path  Control 


Vertical  Flight  Path  Control  in  STOL 


Parameter 


AGARD 

Requirement 
For  Satisfactory 
Operation 


CL-84-I 


Control 

Power 


Response 

Time 


Coupling 


Incremental 

"g" 

Incremental 

"g" _ 

Steady  State 
Rate  of  Climb 
Incremental 
Descent  Angle 

Aircraft 

Response _ 

Aircraft 

Response _ 

Aircraft 

Response _ 

Pitching  ' 

Moment 


±  0.1  g 

-  0.1  g 
ou  or 

_ 600  fpm 

2°  greater 
than  F/P  angle 

0.5  sec 

1.5  sec 

2.0  see 

Not 

objectionable 


+  0.3  g  * 
Negative  increment 
limited  by  buffet  boundary 

1600  fpm  * 

See  buffet 
boundary  curves 


0.3  sec 


Not  determined 

Nose  up  with 
increased  power 


Table  4-1 


Measured  on  approach  (30°  wing  tilt,  approx.  60  Kt.  I  \.S.)  at  Maximum 
VT0L  Weight  (T/Kjj_v  =:  1.05).  Rate  of  Climb  availaulc  at  STOL  weight 
should  exceed  1000  f.p.m. 


Topically,  1"  forward  stick  is  required  on  a 
an  approach  with  30°  wing  tilt. 


full  power  overshoot  from 


Hovering  Precision 


mm 

g 

i 

6-18 

1 

4.4 

rats  nsr*) 


The  CL-84  has  demonstrated  adequate  hovering  precision  for  rescue  work.  It  is  be¬ 
lieved  that  the  precision  requirements  of  the  Criteria  cannot  be  met  by  any  existing  VTOL 
vehicle  under  moderately  adverse  wind  conditions  unless  a  fully  automated  control  system 
is  employed. 


4.5 


Vertical  Thrust  Margins 
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FIGURE  4.1  VERTICAL  HEIGHT  CONTROL  CHARACTERISTICS 


The  minimum  thrust  margins  used  for  normal  operation  of  the  CL-84  are  shown  in  Figure 
4.1.  It  is  noted  that  the  margin  used  for  take-off  is  less  than  that  called  for  by  the 
Criteria.  The  aircraft  has  performed  vertical  take-offs  and  landings  with  no  margins 
available  for  hover  out  of  ground  effect. 

4.6  Vertical  Velocity  and  Thrust  Response 


Vertical  Velocity  and  Thrust  Response  Characteristics 

Parameter 

AGARD  Criteria 

CL-84-1 

Height  control  sensitivity 
"g"/in 

Minimum 

Maximum 

.1 

.4 

.25 

Vertical  velocity  response 
R/C  (after  1  sec),  fpm 

150 

775 

450 

Thrust  response,  first 
order  time  constant,  sec. 

Not  greater  than 
•5  sec- 

.15 

Table  4.2 
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The  values  for  the  CL-84  would  appear  to  be  optimum  relative  to  the  Criteria  for 
vertical  velocity  and  thrust  response. 


Sections  5 
and  6 


TRANSITION  AND  MISCELLANEOUS  CHARACTERISTICS 


The  Criteria  of  these  Sections  are  mainly  qualitative  and  no  attempt  has  been  made 
to  compare  the  CL-84  characteristics  paragraph  by  paragraph  with  these  Criteria.  Instead, 
a  brief  description  of  the  general  transition  characteristics  of  the  aircraft  is  given 
with  particular  emphasis  on  the  few  areas  where  more  development  is  needed. 

A  typical  accelerating  transition  is  shown  in  Figure  3  .  The  particular  time  his¬ 

tory  shown  was  obtained  from  the  CL-34  prototype  in  1966,  but  this  maneuver  was  satisfac¬ 
torily  performed  early  in  the  prototype  flight  test  program  so  that  not  much  improvement 
would  be  evident  from  present  records.  The  maneuver  is  normally  terminated  at  15  degrees 
wing  tilt  where  the  large  longitudinal  acceleration  is  converted  into  a  rate  of  climb  and 
the  landing  gear  is  retracted.  As  can  be  seen  from  the  time  history,  the  cockpit  control 
activity  level  is  moderate  and  more  than  adequate  control  remains  in  all  axes  to  cope  with 
upsets  or  to  terminate  the  maneuver  at  any  point.  On  the  Harper-Cooper  handling  qualities 
rating  scale  (Reference  6  ),  the  current  rating  (HQRS)  is  about  2  for  this  maneuver  (See 
Reference  7  ). 

TIME  HISTORY  OF  "OUTBOUND" 

TRANSITION 
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iohgttudinai  stick  fovtion  _  -  I  (.10 


iaiiiai  stick  position 


•UOSI»  PiDAl  POSrTlOK 


WING  POSITION 


10  30  30  40  30  AC  70  00  *0  100  HO  170  ISO  140  ISO  '40 

TIME  SECONDS 


FIGURE  3 


A  decelerating  transition  time  history  is  shown  in  Figure  4  .  This  data  als  •  s 

from  the  CL-84  prototype,  but  following  some  developim  nt  of  the  thrust  control  sy? 

The  Control  activity  levels  indicate  that  this  maneuver  is  not  as  readily  performed  - 
the  accelerating  transition.  This  is  primarily  a  result  of  operating  "up  the  back  end  of 
the  power  required  curve".  In  order  to  decelerate,  the  wing  tilt  angle  must  be  increased, 
and  the  thrust  reduced  to  prevent  "ballooning".  As  the  speed  reduces,  the  thrust-power 
required  increases.  Thus,  the  pilot  must  find  the  matching  rates  of  wing  tilt,  angle  and 
power  increases  to  perform  a  smooth,  level  deceleration.  Obviously,  this  requires  train¬ 
ing  and  familiarity  with  the  aircraft.  While  the  improved  thrust  control  system  of  the 
CI.-84-I  aids  in  this  regard,  the  maneuver  is  not  straight-forward  and  programming  of  power 
with  wing  tilt  angle  may  prove  necessary  to  make  this  maneuver  simple  and  repeatable 
enough  for  operational  use  under  I.F.R.  conditions.  The  present  HQRS  rating  is  about  3. 

based  on  pr  'type  experience,  the  approach  to  maximum  lift  during  rapid,  decelera¬ 
ting  transitions  not  accompanied  by  a  buffet  warning.  However,  a  strong  nose-down 
pitch  trim  change  is  ev.'dent  as  maximum  lift  for  a  given  power  is  approached,  and  this 
may  prove  adequate  as  a  warning  in  the  future.  Maximum  lift,  is  not  reached  before  the 
level  deceleration  rate  exceeds  0.3  to  0.4  g’s,  except  near  hover. 

The  decelerating,  descending  transition  is  perhaps  the  most  difficult  transition 
maneuver  to  perform  accurately  with  the  CL-S4.  While  a  flight  path  accelerometer  instru¬ 
ment  has  been  devised  for  the  aircraft  to  aid  the  pilot  in  determining  his  limiting  com¬ 
binations  of  deceleration  rate  and  descent  .angle,  the  maneuver  requires  considerable  coor¬ 
dination  of  the  figure  controls.  This  difficulty  results  from  operation  on  the  back  side 
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of  the  power  required  curve  combined  with  a  low  rate  of  lift  increase  with  angle  of  attack, 
corresponding  to  a  low  height  rate  damping,  a  rapid  variation  of  drag  with  angle  of  attack, 
and  a  low  value  of  angle  of  attack  pitch  stability.  Increased  pitch  attitude  stabiliza¬ 
tion  does  not  appear  to  be  a  solution  to  this  problem  since  the  angle  of  attack  changes 
rapidly  with  rate  of  climb  or  descent  without  any  change  in  pitch  attitude.  In  the  au¬ 
thor’s  opinion,  this  handling  qualities  problem  area  is  the  only  significant  one  which 
definitely  requires  improvement  in  order  to  make  the  CL-84  an  operational  I.F.R.  V/STOL 
aircraft.  It  is  perhaps  a  tribute  to  the  CL-84  control  system  that  the  handling  qualities 
rating  for  this  maneuver  currently  rates  no  worse  than  4. 
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FIGURE  4 


In  descending  flight  in  the  ST0L  regime,  th ,  descent  angles  and  rates  are  limited  by 
a  lighl  buffet.  Unfortunately,  the  CL-84-1  exhibits  a  much  earlier  onset  of  buffet  than 
that  for  the  CL-84  prototype.  The  reasons  for  this  deterioration  are  not  known  at  present, 
but  clues  may  be  found  in  the  fact  that  the  CL-S4-1  operates  at  higher  weights  with  an 
appreciably  farther  aft  center  of  gravity  than  did  the  prototype.  Figure  5  shows  a 
comparison  of  the  buffet  boundaries  for  the  two  aircraft.  It  is  evident  from  the  values 
of  the  rates  of  descent  for  the  two  aircraft  that  the  CL-84-I  must  be  improved  at  least  to 
the  level  of  the  prototype  to  be  operationally  useful.  The  curve  for  the  prototype  repre¬ 
sents  a  minimum  descent  angle  of  12  degrees  at  30  degrees  wing  tilt,  corresponding  to  an 
approach  speed  of  about  SO  knots.  The  possibilities  for  improvements  are  indicated  by  the 
maximum  penetration  boundary  achieved  for  both  aircraft  without  loss  of  control. 
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GENERAL 


CRITIQUE  AND  CONCLUSIONS 


In  philosophizing  on  how  to  conclude  his  dissertation  on  the  application  of  the 
V/STOL  handling  qualities  Criteria  to  the  CL-84  aircraft,  the  author  realized  that  he  was 
faced  with  the  unenviable  task  of  criticizing  (a)  the  CL-84  characteristics  for  failing 
to  meet  all  the  Criteria;  (b)  the  Criteria  for  not  agreeing  with  those  characteristics  of 
the  CL-84  already  found  to  be  satisfactory  or  (c)  both  the  CL-84  characteristics  and  the 
Criteria.  Having  completed  the  comparison,  such  as  it  is,  he  decided  that  the  honest  task 
was  option  (c).  This  choice  was  made  easier  by  the  fact  that  the  CL-84  characteristics 
are,  in  general,  in  good  agreement  with  the  Criteria. 

In  the  assessment  made  in  this  part  of  the  presentation,  the  author  has  attempted  to 
determine: 

(i)  whether  the  CL-84  needs  improvement,  or  whether  the  Criteria  are  too 

demanding  or  not  applicable  in  those  cases  where  the  CL-84  does  not 
meet  the  Criteria, 

and  (ii)  where  the  Criteria  appear  to  be  too  lenient  in  light  of  the  CL-84 
flight  test  experience. 

In  addition,  a  few  suggestions  are  made  where  it  is  felt  that  the  Criteria  could  be 
clarified  or  improved.  In  the  many  cases  where  no  mention  is  made  of  a  particular  set  of 
Criteria,  the  author  is  either  in  agreement  with  the  Criteria,  or  considers  himself  not 
knowledgeable  enough  to  comment. 

CONTROL  SYSTEM 


lhe  high  breakout  force  of  the  CL-84-1  power  lever  has  received  unfavourable  pilot 
comments  and  requires  reduction.  The  Criterion  is  judged  appropriate. 


Both  the  roll  and  yaw  control  force  gradients  of  the  CL-84  have  been  described  as 
too  high  in  hover.  With  respect  to  the  roll  gradient,  tnis  is  in  agreement  with  the 
Criteria.  However,  the  Criteria  allows  twice  the  CL-84  yaw  gradient  in  hover  and  seven 
times  this  gradient  for  STOL  operation.  It  is  certain  that  these  upper  limits  would  be 
unacceptable  for  the  CL-84.  The  present  CL-84  yaw  gradient  has  been  judged  satisfactory 
for  STOL  operation,  but  is  only  one-half  the  minimum  of  the  Criteria.  It  is  recommended 
that  the  minimum  be  lowered.  Similarly,  the  optimum  control  force  harmony  ratio-  for  yaw- 
to-roll  in  the  Criteria  appears  to  be  too  high  based  on  the  CL-84  experience. 


LONGITUDINAL  STABILITY  AND  CONTROL 

The  minimum  levels  of  pitch  control  power  and  damping  for  satisfactory  operation 
given  by  the  Criteria  are  certainly  too  low  for  the  CL-84  in  and  near  hover.  On  the  other 
hand,  these  levels  are  probably  quite  satisfactory  for  large  V/STOL  aircraft  or  for  air¬ 
craft  with  high  wing  and  disk  loadings,  such  as  jet  lift  aircraft.  It  is  appreciated 
that  it  is  virtually  imoossible  to  specify  general  requirements  that  will  prove  satisfac¬ 
tory  for  all  concepts  and  sizes  of  aircraft.  The  discussion  of  the  Criteria  in  AGARD  577 
makes  this  point,  but  it  is  questioned  if  the  point  is  emphasized  strongly  enough. 


I 


The  CL-84  does  not  meet  the  Criteria  for  stability  with  respect  to  speed.  While  the 
aircraft  could  be  modified  to  meet  these  Criteria  by  increasing  the  S.A.S.  attitude 
stabilization  gain,  it  is  doubtful  if  this  would  enhance  the  handling  qualities  of  the 
aircraft  significantly.  The  main  problem  with  the  aircraft  in  decelerating,  descending 
flight  in  the  speed  range  from  30  knots  to  60  knots  is  a  speed-vertical  velocity  problem 
rather  than  a  speed-attitude  problem,  as  discussed  previously.  It.  is  proposed  that  mild 
speed  divergence  (10  to  15  seconds  to  double  amplitude)  be  accepted. 

Since  many  aV/STOL  aircraft  are  capable  of  gross  maneuvers  at  low  speed  far  in  excess 
of  what  may  be  needed  for  fulfilling  their  mission  requirements,  the  Criteria  for  longi¬ 
tudinal  control  characteristics  in  maneuvering  flight  should  be  restrained  to  a  normal 
maneuver  envelope  as  required  by  the  mission.  For  example,  this  would  make  the  CL-84 
acceptable  as  a  utility  transport,  but  not  as  a  ground  support  aircraft  with  the  present 
S.A.S.  saturation  limits.  In  addition,  the  criteria  should  be  restricted  to  constant 
power  and  constant  air  speed  since  it  will  prove  impracticable  (and  probably  unimportant) 
to  demonstrate  compliance  with  the  Criteria  for  all  conceivable  rates  of  change  of  power, 
airspeed  and  normal  load  factor. 


LATERAL  STABILITY  AND  CONTROL 

The  cross-coupling  Criteria  for  abrupt-roll  control  .  nputs  are  not  understood.  For 
any  finite  bank  angle  in  uncoordinated  roll  maneuvers,  the  sideslip  developed  depends  on 
the  normal  load  factor  history  as  well  as  on  coupling  due  to  the  application  of  roll  con¬ 
trol  and  the  roll  rate.  If  the  initial  condition  is  1  g  level  flight,  and  the  longitu¬ 
dinal  stick  is  fixed  during  the  roll  control  application,  the  sideslip  developed  depends 
on  the  bank  angle  reached  even  if  no  coupling  exist  with  roll  control  and  rate.  It  would 
appear  that  the  Criteria  may  be  meaningful  if  the  ratio  of  the  rate  of  change  of  sideslip 
angle  with  time  to  the  roll  rate  is  obtained  as  the  aircraft  passes  through  zero  bank- 
angle  in  a  full  roll  control  reversal .  This  is  not  the  way  the  appropriate  test  is  des- 
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cribed  in  the  Appendix  of  AGARD  577.  It  is  suggested  that  this  Criteria  and  the  appro¬ 
priate  test  be  clarified  in  the  report. 


The  yaw  control  power  of  the  CL-84  is  close  to  the  lower  limit  of  the  Criteria.  This 
is  in  agreement  with  pilot  opinion  which  classifies  the  hover  yaw  control  power  as  mar¬ 
ginal. 

The  peak  yaw  control  force  limits  for  STOL  operation  are  considered  too  high  from 
the  CL-84  experience.  This  is  perhaps  because  the  control  power  is  relatively  low  and 
consequently  large  pedal  movements  are  required. 

While  the  author  believes  that  he  understands  the  yaw  cross-coupling  Criteria  better 
than  the  roll  ones,  additional  clarification  of  the  Criteria  and  the  appropriate  test 
would  be  helpful. 

HOVERING  AND  VERTICAL  FLIGHT  PATH  CHARACTERISTICS 


The  hovering  precision  Criteria  are  considered  unrealistically  demanding  for  modera¬ 
tely  adverse  wind  conditions  such  as  15  knots  gusting  to  25  knots. 

While  the  CL-84  operates  successfully  in  take-off  with  a  vertical  thrust  margin  less 
than  that  of  the  Criteria,  the  values  in  the  Criteria  are  considered  reasonable. 


The  first  order  time  constant  limit  for  acceptable  thrust  response  should  probably 
be  made  a  function  of  the  natural  height  rate  damping  of  the  vehicle.  The  value  of  0.5 
seconds  may  be  satisfactory  for  a  lightly  loaded  helicopter,  but  would  prove  disastrous 
for  the  CL-84. 


TRANSITION  AND  MISCELLANEOUS  CHARACTERISTICS 

The  mainly  qualitative  Criteria  given  in  these  sections  appear  both  appropriate  and 
comprehensive.  While  the  CL-84  may  not  meet  all  the  Criteria  at  the  present  time,  parti¬ 
cularly  as  a  result  of  the  restrictive  buffet  boundary  of  the  aircraft,  it  is  difficult 
to  take  issue  with  the  principles  of  any  of  these  Criteria  or  to  argue  tha^  they  need 
not  be  met  by  an  operational  aircraft. 

CONCLUDING  REMARKS 

In  reviewing  the  AGARD  V/STOL  Handling  Qualities  Criteria  and  their  applicability  to 
the  CL-84  aircraft,  the  author  has  been  impressed  with  both  the  style  and  thoroughness  of 
the  Criteria.  In  the  author's  opinion,  the  Criteria  represent  about  the  right  blend  of 
quantitative  and  qualitative  requirements  to  make  thorn  useful  for  both  design  and  evalua¬ 
tion  of  most  V/STOL  concepts.  It  has  been  accepted  by  the  authors  of  the  Criteria  that 
it  is  impossible  at  this  time  to  fully  quantify  all  the  V/STOL  handling  qualities  require¬ 
ments  and  expect  them  to  be  applicable  to  the  large  variety  of  V/STOL  vehicles  under 
consideration. 

In  comparing  the  CL-84  characteristics  with  the  Criteria,  it  is  evident  that  the 
Criteria  are  appropriate  for  this  type  of  V/STOL  aircraft.  While  a  few  of  the  numbers 
in  the  Criteria  do  not  appear  to  be  appropriate  in  the  iigho  of  the  CL-84  flight  test 
experience,  there  is  no  doubt  that  in  most  cases  where  the  CL-84  does  not  meet  the  Crite¬ 
ria,  the  aircraft  would  exhibit  better  V/STOL  handling  qualities  i f  it  did. 


i 

'< 


6-25 


w  ■ 


LEAD  DISCUSSION 


by 

Antonio  F1LISETTI,  Chief  Aerodynamics  Section, FIAT  Sez.Velivoli 
Corso  Marche  41,10146  Torino,  ITALY 


Recommendations,  Criteria,  proposed  Requirements  on  the  Handling  Qualities  of  V/STOL  Aircraft 
have  been  given  since  a  number  of  years  and  many  problems  have  been  focused. 

Flight  Tests  of  V/STOL  Aircraft, ground  simulations  and  in-flight  simulations  through  hovering 
rigs  and  variable  stability  helicopters  have  given  a  basic  contribution  to  the  formulation  of  the 
most  recent  criteria,  like  those  of  the  AGARD  Rep. No.  577. 

In  this  respect  the  CL-84  was  particularly  valuable,  taking  into  account  that  several  pilots  were 
able  to  fly  it  and  to  try  different  control  modes. 

Nevertheless  many  aspects  of  the  V/STOL  Handling  have  not  been  yet  clarified  or  have  not 
achieved  a  defined  numerical  evaluation. 

Surely  further  flight  iests  experience  and  the  continuous  comparison  of  the  existing  aircraft 
characteristics,  like  those  of  the  CL-84,  provided  with  variable  stability  and  different  control 
system  modes,  with  the  formulated  handling  criteria  will  allow  to  go  more  in  depth  in  the  knowledge 
of  the  criteria  still  uncertain. 

Moreover  the  use  of  the  aircraft  in  operational  trials  will  allow  to  enlight  some  aspects  of  the 
handling  criteria  related  lo  special  missions  which  now  are  not  supported  by  any  evidence. 

To  my  opinion,  in  order  to  be  effect ive,  the  flight  tests  or  simulations  should  be  oriented  t  yards 
the  solution  of  those  V/STOL  handling  qualities  problems  still  open  or  awaiting  further  refinements; 
therefore  I  would  suggest  guided  researches,  not  a  random  collection  of  tests  results  and  pilot's 
opinions. 

A  possible  list  of  V/STOL  handling  problems  worthwhile  to  be  discussed  and,  if  necessary, 
investigated  is  here  commented. 

-  The  aircraft  response  and  maneuver  requirements  have  been  defined  in  different  ways,  like  the 
maximum  angular  acceleration  available  from  control  power  and  the  angular  damping,  the  attitude 
change  within  one  second  of  control  application  or  the  time  to  get  an  attitude  change  of  30°. 

A  better  definition  of  what  is  the  complete  aircraft  response  to  control  inputs  the  pilot  aims,  will 
be  much  more  helpful  in  designing  for  instance  the  Command  Stability  Augmentation  Systems. 

By  acting  on  the  controls,  pilots  are  looking  to  attitude  changes,  angular  rates,  transi  ational  speedy 
lood  factor  variations  behaving  within  the  limits  of  satisfactory  time  histories  whose  definition 
could  represent  a  synthesis  of  the  handling  problems. 

-  The  allowed  or  desired  tevel  of  coupling  of  one  and  another  aircraft  response  sho-.^  be  clarified, 
as  in  the  case,  for  instance,  of  a  STOL  aircraft  where  a  throttle  displacement,  affecting  the  thrust, 
the  lift  and  the  pitch  moment,  requires  not  desired  coordinated  ma  teuvers  of  '.he  other  controls, 
whilst  in  the  case  of  a  STOL  lateral  control  an  advisable  dynamic  coordination  between  yaw 
rave  and  bank  angle  is  still  to  be  defined. 

The  longitudinal  control  of  a  STOL  aircraft  in  approach  appears  to  be  of  great  actuality  and 
deserves  extensive  investigations  covering  also  the  techniques  of  thrust  and  aerodynamic  vectoring 
together  with  problems  of  the  speed  stability  and  the  flight  path  control. 

The  CL-84  should  have  in  this  respect  the  provisions  to  carry  out  interesting  research  activity 
by  flying  with  intermediate  tilt  wing. 

-  From  the  past  flight  experience  a  conflict  uppears  between  the  aircraft  maneuvering  performance 
and  its  stability  or  damping.  This  argument,  for  instance,  has  been  used  several  times  against,  or 
not,  the  attitude  control  system. 

An  optimum  compromise  between  the  two  requirements  could  be  realized  in  a  mareuver  demand 
system  by  using  non-linear  techniques,  like  saturation  of  the  control  in  large  maneuvers  or 
non-linear  wash-out  related  to  the  maneuver  amplitudi 

The  non-linear  technique  would  allow  to  design  aircref:  I'h  reduced  control  power  available  for 
maneuvers  and  therefore  with  reduced  bleed  from  the  I  if.  power. 

1  wonder  if  the  CL-84  experience  in  this  area  could  be  enlarged  or  considered  exaustive,  with  the 
aim  not  much  to  identify  the  possible  non-linear  co..'rol  systems  but  to  define  their  limits,  such  as 
allowed  overshoots  or  required  responses  according  to  the  maneuver  amplitude. 

-The  adoption  of  complex  Command  and  Stability  Augmentation  Systems, changing  remarkably  the 
static  and  dynamic  response  characteristics  of  the  aircraft,  raises  the  problem  of  the  safety  in 
case  of  failures. 

In  these  cases  there  is  not  only  a  problem  of  defining  the  allowable  transient  amplitudes  due  to 
possible  runaways,  but  the  capability  of  a  pilot  to  change  sudd°nly  his  compensation  technique  in 
controlling  the  aircraft  itself. 

Having  for  instance  a  triplex  control  system  with  manual  reversion  it  could  be  better  for  a  pilot 
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to  revert  deliberately  to  manual  control  after  the  first  failure  not  affecting  CSAS  characteristics, 
to  avoid  the  risk  of  a  second  unpredictable  critical  failure  changing  the  air-craft  response  and 
which  he  could  not  be  able  to  cope  with. 

-  The  design  of  the  aircraft  control  power  Is  defined  by  the  needs  of  trimming  and  maneuvering 
the  aircraft  as  well  as  to  cope  with  the  external  disturbances. 

What  is  not  yet  clear  is  how  the  control  power  required  to  maneuver  can  be  matched  to  that 
required  to  control  the  disturbances. 

By  assuming,  for  instance,  that  no  correlation  exists  between  maneuver  and  gust,  the  total  required 
control  power  could  be  computed  by  the  square  root  of  the  sum  of  the  squares  of  the  two  control 
powers. 

A  more  valid  criterion  could  result  by  an  ad-hoc  programme  of  research. 

-  A  number  of  V/STOL  aircraft  belonging  to  different  classes  have  flown  till  now  and  the'r  opera¬ 
tional  experience  should  give  an  indication  of  different  handling  criteria  according  to  different 
aircraft  classes  or  tasks  or  missions. 

In  this  connection  the  new  US  Military  v/STOL.  Requirements  MIL.-F-83300,  presented  by  Mr. 
Westbrook  at  this  meeting, could  be  a  good  basis  to  correlate  the  different  flying  qualities 
requirements  to  the  different  aircraft  classes  and  flight  phase  categories. 

-  A  further  aspect  of  Handling  Qualities,  1  like  to  draw  the  attention, is  the  definition  of  advisable 
margins  which  the  aircraft  must  hold  during  the  partially  powered  flight  regimes.  In  fact  on  one 
side  the  maximum  usable  lift  coefficient,  limited  by  stall,  pitch  or  roll  moment  divergence, buffet 
level  is  a  function  of  the  power  setting,  the  angle  of  attak  and  the  aircraft  configuration,  while  on 
the  other  side  the  disturbances  like  an  engine  failure  or  a  gust  excitation  can  result  in  large 
sideslip, airspeed  and  angie  of  attack  changes  owing  to  the  slow  flight  speed. 

A  consequence  it  is  not  easy  to  coordinate  so  many  variables  in  a  sensible  way. 

-  Anyhow,  to  conclude,  I  fully  realise  *hat  if  It  is  easy  to  raise  controversial  problems  on  v/STOL. 
handling,  the  aircraft  designer  will  have  to  make  guesses  on  their  solution  for  long  time  before 
sound  and  complete  handling  criteria  are  derived  from  flight  and  simulation  experience. 
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V/STOL  HANDLING  QUALITIES  CRITERIA  COMPARED  WITH  FLIGHT  TEST  RESULTS  OF  THE  V/STOL- 
SUPERSONIC-FIGHTER  VJ  101C  AND  THE  V/STOL-TRANSPORT-AIRCRAFT  DO  31E 


by 


Dipl.  Ing.  G.K.  Kissel 
Mes3er3chmitt-Boelkow-Blohm  GmbH 
Unternehmensbereich  Flugzeugo 
D-8000  Muenchen  80 
Postfach  801149 
Germany 


Dipl.  Ing.  Horst  Wtlnnenberg 
Dornier  AG 

D-7990  Friedriehshafen 
Postfach  317 
Germany 


SUMMARY 


After  a  short  description  of  tho  two  aircrafts ,  their  cockpit  controls  and 
their  Stability  Augmentation  Systems  the  main  features  of  the  take-off  and  landing 
procedures  are  presented.  The  Handling  Qualities  of  the  two  aircrafts  in  hover  and 
transition  flights  are  compared  with  the  recommendations  of  the  AGARD-Rep.  577.  Further¬ 
more  the  influence  of  the  Stabilisation  System  and  its  characteristics  on  the  used 
control  power  and  the  effects  of  the  jet  induced  downwash  and  of  the  hot  gas  recircu¬ 
lation  are  shown.  Finally  some  comments  to  the  new  Recommendations  of  the  AGARD-Rep. 

577  are  given  on  the  background  of  the  flight  experience  with  the  VJ  101  and  the  Do  31. 


1.  DESCRIPTION  OF  THE  AIRCRAFTS 

1.1  General 

Tho  VJ  loic  is  a  VTOL-Supersonic  fighter  aircraft  with  a  maximum  VTOL-Take- 
off  weight  of  17.600  lbs  (Fig.  1).  The  aircraft  has  four  cruise  engines  RB  145  R  with 
afterburners  which  are  installed  in  movable  wing  tip  pods,  two  in  each  pod,  and  two 
lift  engines  RB  145  which  are  mounted  in  the  fuselage  behind  the  Cockpit.  Botween  1962 
and  1971  with  two  prototypos  a  total  of  457  tests  were  performed.  These  tests  Include 
15  Take-off  transitions,  32  Landing  transitions,  50  Hovor  flights  and  various  partial 
transitions  aimed  at  optimising  the  Handling  Qualities  in  partially  converted  confi¬ 
guration. 


The  Do  31E  is  a  VTOL-Transport  Aircraft  with  a  maximum  VTOL-Take-of f  weight 
of  45.000  lbs  (Fig.  2).  The  aircraft  is  powered  by  two  Bristol  Pegasus  5-2  lift  and 
cruise  engines  with  swivelling  nozzles  and  8  Rolls  Royce  RB  -  162  Lift  engines,  which 
arc  installed  in  wing  tip  pods,  four  engines  on  each  side.  In  addition  to  the  flight 
test3  with  the  two  hovering  rigs  the  VTOL-prototyp  Do  3 IE 3  has  performed  about  150 
flights  with  60  Vortical  take-offs,  05  Vorticnl  landings  and  nearly  160  landing  transi¬ 
tions  . 


1.2  Cockpit  Controls 

Both  aircrafts  use  the  main  control  levers  in  conventional  as  well  as  in  ho¬ 
vering  and  transition  flights.  Fig.  3  shows  the  cockpit  view  of  the  VJ  101.  The  centre 
stick  is  used  for  roll  and  pitch  by  means  of  thrust  modulations  during  hovering  and 
transition,  ailerons  and  elevator  during  aerodynamic  flight,  pedals  for  yaw  by  diffe¬ 
rentially  swivelling  tho  cruise  engines  during  hovor  and  transition  and  rudder  for  aero¬ 
dynamic  flight  and  a  collective  thrust  lever  for  total  thrust  control. 

7Vo  switches  on  the  collective  thrust  lover  are  for  selection' of  cruise  engine 
rotating  direction  up/down  and  the  speed  of  rotation  zero,  slow,  medium  and  fast. 

All  engines  are  started  by  means  of  six  individual  gas  levers  bringing  each 
engine  up  to  idle.  From  this  position  all  engines  are  commanded  by  means  of  the  collec¬ 
tive  thrust  lover.  Also  reheat  is  selected  by  cocking  the  collective  thrust  lever.  The 
lift  enginos  mounted  in  tho  fuselage  directly  behind  tho  cockpit  ore  schodulod  by  the 
cruise  engine  rotation  angle  6  so  that  they  come  up  from  idle  to  the  thrust  commanded 
by  the  collective  thrust  lever  as  the  cruise  engines  are  swivelled.  The  control  law  of 
the  lift  engine  thrust  is  therefore 

TLift  3  Tcruise  sln  5 

Fiq.  4  shows  the  cockpit  view  of  the  Do  31.  A  center  stick,  -  no  wheel  for  safety  reasons 
In  an  ojection  ca3o  -  is  used  to  control  tho  pitch  axis  by  elevator  and  a  blood  air  thrust 
nozzle  at  tho  roar  part  of  the  fuselage,  and  the  roll  axis  by  ailerons  and  thrust  modu¬ 
lation  of  the  lift  engines.  The  yaw  axis  is  controlled  by  pedals  which  hetuate  the  rud¬ 
der  and  the  swivelling  nozzles  of  the  lift  engines.  In  aerodynamic  flight  only  tho  control 
surfaces  are  actuated  and  the  VTOL-control  devices  are  switched  off.  In  VTOL-f light  the 
aerodynamic  control  surfaces  remain  connected  to  the  VTOL  control  devices. 

In  addition  to  these  conventional  control  levers  the  pilot  uses  crulss  engine 
throttles,  a  cruise  engine  nozzle  control  lever  as  well  as  a  single  lever  to  start  the 

eight  lift  engines  and  to  control  their  thrust  level. 
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1.3  Control  System 

The  primary  flight  control  system  of  the  VJ  101  is  a  Commanded  and  Stability 
Augment ationSys tern  (CSAS)  in  Fly-By-Wire  technique.  The  control  laws  are: 

-  hovering:  attitude  control  in  roll  and  pitch,  rate  control  in  yaw 

transition:  blending  from  attitude  to  rate  control  scheduled  with  cruise 

engine  angle  of  rotation  d 

-  aerodynamic 

flight:  normal  damper  type  system 

The  primary  flight  control  system  of  the  Do  31  is  a  mechanical  System  with 
an  Stability  Augmentation  System  (SAS)  differentially  linked  which  is  switched  off  in 
the  conventional  flight.  There  is  no  blending  during  transition.  The  characteristics  of 
the  SAS  are: 

-  attitude  control  about  roll  and  pitch  axis  with  an  additional  damoer  in  the 
roll  axis 

rate  control  about  yaw  axis 

-  pitch  attitude  preselect  equlpement 
roll  damper  in  conventional  flight. 

The  pitch  attitude  preselect  equipement  gives  to  the  pilot  the  possibility  to 
preselect  a  certain  pitch  anqle  by  a  switch  and  enqage  this  pitch  attitude  by  pushing 
a  button  at  the  control  stick. 

The  main  features  of  the  two  control  systems  which  influence  the  Handling  | 

Qualities  are  given  in  Table  1  in  comparison  with  the  recommended  values  due  to  AGARD-Rep.  § 

577.  '5 


ROLL 

MTCH 

:  u 

AGARD- 
Rcp.  $77 

DO-31 

VJ  101 

AGARD- 
Rep.  577 

Do  31 

VJ  101 

AGARD- 
Rep.  577 

Co  3.' 

VJ  101 

VSTOfc  Breakout  Force  lbs 

0.5  -  3,0 

2.1 

1,65 

0,5  -  3,0 

3,3 

1,65 

1.0  -  10,0 

19.  S 

4,4 

Control  Force  Gradients  lb/in 

0.5  -  1.5 

2.7 

2,7 

1,0  -  3,0 

3.6 

3,0 

2.5  -  10.0 

12.9 

30,3 

Peak  Control  Force  lbs 

15 

12,2 

16,5 

push  15 
pull  25 

20,0 

23,0 

5o7o 

26,0 

15  -  50 

*6 

130 

Max.  Control  Travel  In 

3.0  -  6,5 

♦4.65 

♦  5.5 

4,0  -  6,5 

♦5,2 

is.o 

2,5  -  4.5 

♦2.05 

-t3.>5 

Attitude  change  per 

unit  control  deflection  deg/ln 

3,0  -  5,0 

7,0 

non¬ 

linear 

3,« 

3,0  -  5,0 

6,0 

non¬ 

linear 

3,16 

- 

- 

- 

Max.  Attitude  change  at 
aar.  control  deflection  deg 

- 

♦  18 

±2  0 

- 

♦  22 

t  19 

_ 

_ 

- 

Tine  to  90  1  of  the 

deranded  attitude 

chantje.  T9Q  sec 

1-2 

2-3 

2.0 

1.8=' 

1  -  2 

2-3 

1.8 

1,5=' 

- 

_ 

- 

Natural  frequency  of 

the  Control  Systen  rad/sec 

- 

2,5 

3.0 

- 

2,5 

3,0 

_ 

_ 

_ 

Danplng  ratio 

- 

1,0 

0,5 

0,75=’ 

- 

1 .0 

0.8 

0.9=' 

- 

- 

- 

Rate  change  per 
unit  control 

deflection  dcg/sec/in 

_ 

~ 

_ 

~ 

8,5 

non¬ 

linear 

2,2 

v-ax.  Rate  change  at 
rax .  control 

deflection  deg/sec 

_ 

~ 

14.5 

7.0 

Tire  for  15°  Heading 
chanqc  sec 

- 

- 

- 

- 

_ 

_ 

1 .0  -  2.5 

1.1 

2.2 

Tire  constant  sec 

- 

- 

- 

- 

- 

- 

- 

1.3 

2.5 

with  afterburner* 


Table  1  Characteristic  Datas  of  the  Control  and  Stabilisation  Systems 

Most  of  the  values  correspond  to  the  Recommendations.  The  main  deviations  are 
the  following: 

-  Both  aircrafts  have  a  higher  control  force  gradient,  perhaps  due  to  the  fact 
that  for  an  attitude  stabilized  vehicle  otherwise  the  pilot  could  disturb  the 
SAS  too  easilv. 

-  The  control  forces  of  tne  VJ  101  in  Yaw  are  higher  and  the  dynamic  behavior  is 
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slowlier,  due  to  dynamic  structure  problems  of  the  heavy  swivelling  engine  pods. 

1 

-  The  dynamic  attitude  response  of  the  Do  31,  described  by  the  Tg^,  is  less 
fast  than  recommended  by  AGARD  Rep.  577  and  realised  at  the  Vj  101. 

This  higher  Tgo  corresponds  zo  the  heavier  transport  aircraft. 


1.4  Take  off  and  landing  procedures 

The  Take-Off-Procedure  is  normally  a  compromise  between  several  problems, 
which  influence  the  Vertical  Take-Off  (VTO) :  hot  gas  recirculation,  skidding  of  the 
aircraft  on  the  ground,  damage  of  runway  surface  by  the  jets,  pilot  workload  and  fuel 
consumption. 

For  the  VJ  101  damage  of  the  runway  is  the  most  important  problem  on  the 
ground.  Therefore  the  take-offs  are  performed  in  two  manners: 

-  From  deflectors.  The  aircraft  is  positioned  over  the  deflectors,  all  engines  are 
started,  flaps  selected  for  take-off  {at  the  same  time  the  engine  inlets  are  au¬ 
tomatically  opened  to  low  speed  configuration) ,  the  cruise  enqines  are  swivelled 
into  vertical,  reheat  selected  and  power  advanced  to  full  thrust.  Full  thrust  can 
be  selected  since  the  CSAS  has  a  so-called  minus-control-capability .  A  priority 
control  system  reduces  the  total  thrust  only  to  the  level  which  at  each  moment 

is  necessary  for  the  stabilisation  of  the  aircraft. 

-  From  normal  runways  it  is  not  possible  to  take-off  absolutely  vertical,  since 

the  reheat  would  damage  the  runway  surface;  therefore  a  slightly  different  technique 
is  used.  Again  all  engines  are  started  and  the  flaps  are  deflected  for  take-off. 

During  the  last  part  of  engines  rota  cion  brakes  are  released  and  at  an  angle 
of  75°  reheat  is  selected  and  power  advanced  rapidly.  The  aircraft  does  take 
off  after  about  3-4  meters  from  brake  release. 

For  the  Do  31  avoiding  of  hot  gas  recirculation  is  the  most  important  problem 
at  vertical  take-offs.  From  many  tests  the  following  procedure  was  found  as  an  opti¬ 
mum: 

After  starting  the  cruise  engines  the  thrust  is  advanced  to  a  medium  level  and  the  cruise 
engine  nozzles  are  swivelled  into  the  take-off  position  of  75  degrees.  Then  the  lift 
engines  are  started  to  idling,  the  cruise  engine  power  is  advanced  to  take-off  thrust 
and  the  aircraft  finally  is  iifted  off  the  ground  by  increasing  the  lift  engine  thrust 
to  the  take-off  level.  This  whole  procedure  is  done  within  35  seconds,  so  that  the  pi¬ 
lot  workload  in  this  phase  is  high. 

In  comparison  to  the  VTO  the  following  transition  to  the  aerodynamic  flight 
is  easy  to  control  for  both  aircrafts.  Fig.  5a  shows  in  principle  the  procedure  for  the 
VJ  101.  The  pilot  selects  the  swivelling  direction  and  chooses  a  tilt  speed  of  the  cruise 
engine  pods  so  that  no  height  is  iost.  At  the  same  time  gear  up  is  initiated.  After  being  air- 
born  (approx.  180  KIAS)  the  pilot  shuts  down  the  lift  engines  and  closes  the  lift-engine- 
door.  Flaps  are  retracted  and  then  automatically  the  high  speed  intake  configuration  is 
selected. 

Fig.  5b  shows  the  procedure  of  the  landing  transition  with  the  VJ  101.  The 
lift-engine-doors  are  opened  and  the  lift  engines  are  started  by  windmilling.  Flap  se¬ 
lection  again  shifts  the  air  intake  into  low  speed  configuration.  The  undercarriage  is 
lowered,  park  brakes  checked,  reheat  selected  at  very  low  thrust  setting.  By  selection 
the  "up"-direction  for  engine  rotation  the  enqines  are  slowly  rotated  into  vertical  to 
maintain  a  nearly  constant  sink  rate  of  about  500  to  1000  ft/min.  During  the  approach 
the  pilot  checks  that  he  does  not  leave  the  two  limits  of  his  transition  corridor  (Fig. 6). 

As  only  straight-in  transitions  have  been  performed,  the  pilot  did  not  maneu¬ 
ver  in  roll  but  only  compensates  side  wind  effects  by  small  roll  inputs.  The  forward 
velocity  during  the  final  part  of  the  transition  is  commanded  via  pitch  attitude,  the 
direction  by  yaw  and  the  sink  rate  by  the  thrust  level. 

Fig.  7  shows  in  principle  the  take-off  and  landing  procedures  of  the  Do  31. 

The  fl.  jht  path  of  the  take-off  transtion  is  mainly  controlled  by  swivel  ing  the  nozzles 
of  the  cruise  engines.  If  the  pilot  swivels  the  nozzles  so  fast  that  the  aircraft  just 
does  not  loose  altitude,  than  the  maximum  acceleration  occurs  and  the  transition  is 
finished  in  less  than  20  seconds.  Normally  the  pilots  swivels  slowlier  to  have  hioher 
flight  path  angles  in  the  beginning  of  the  transition.  The  average  time  for  a  take-off 
transition  was  30  seconds. 

The  most  effort  of  the  Do  31  flight  testing  was  spent  upon  the  problems  of 
the  landing  transition.  It  was  very  soon  found  out  that  from  all  possible  aims  of  opti¬ 
mizing  the  landing  transition  the  most  important  factor  was  to  reduce  the  pilot  work¬ 
load.  An  optimizin'-  of  the  fuel  consumption  by  reducing  the  transition  time  is  not 
possible  without  changing  the  actual  control  system  by  addinn  an  automatic  sinkrate 
system  for  instance. 

Therefore  the  landing  transition  is  a  procedure,  which  can  be  done  by  the 
pilot  with  a  reasonable  effort  of  man i ability.  The  first  step  is  the  start  of  the  lift 
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engines  during  a  nearly  stationary  horizontal  flight.  The  descent  begins  at  a  certain 
point,  for  instance  at  the  interception  of  the  ILS-beam,  by  changing  the  pitch  attitude, 
lift  engine  thrust  and  Cruise  engine  nozzle  position.  This  will  lead  to  a  decelerating 
descent  along  a  straight  flight  path.  Corrections,  if  necessary,  are  done  by  pitch  atti¬ 
tude  changing  or  lift  engine  thrust  modulations.  The  flare  and  the  final  deceleration 
is  done  by  enlarging  the  pitch  angle  and  corresponding  to  that  the  lift  engine  thrust. 
The  final  descent  to  the  vertical  landing  is  controlled  by  the  lift  engine  thrust.  The 
thrust  of  the  cruise  engines  is  not  changed  during  the  whole  maneuver.  If  the  aircraft 
touches  the  ground  the  thrust  of  the  lift  engines  and  the  cruise  enoine  nozzle  ancle 
must  be  reduced  at  once  to  avoid  recirculation  problems,  i.’ith  tnis  procedure  the  ave¬ 
rage  time  for  a  landing  transition  from  the  start  of  the  lift  engines  till  touch  down 
was  between  2-3  minutes . 


Fiq.  8  finally  shows  the  differences  between  the  used  acceleration  and  dece¬ 
leration  values  during  typic  1  take-off  and  landing  transitions  of  the  Do  31  and  the 
theoretically  poss<_>le  values.  It  can  be  seen,  that  for  a  take-off-transition  these 
optimal  values  are  nearly  used  during  the  whole  transition  whereas  there  is  a  bici  diffe¬ 
rence  between  possible  and  used  deceleration  for  a  tynical  landing  transition.  Further¬ 
more  it  can  be  seen,  that  the  recommended  0,5  g  acceleration  and  deceleration  values  of 
the  fiGARD  Rep.  577  is  toe  high  and  was  used  neither  for  the  Do  31  nor  for  the  VJ  101 
during  landing  transition. 


2.  HANDLING  QUALITIES 

2.1  Control  Accelerations 

Fig.  S  shows  the  envelope  of  used  control  accelerations  during  Mover  and 
Transition  flights  for  both  aircrafts.  The  statistical  evaluation  showed  no  significant 
differences  between  the  values  of  hover  and  transition,  so  this  Fio.  is  valid  for  both 
flight  phases,  exept  for  the  Do  31  in  pitch,  as  in  pitch  laroe  trimming  moments  occur 

during  transition.  This  will  be  shown  next.  The.  figure  shows  the  envelopes  of  the  used 

control  accelerations  in  percentage  of  the  used  test  dates.  For  instance:  90  %  of  all 
ever  used  values  of  control  acceleration  about  the  roll  axis  are  for  the  Do  31  between 
zero  and  0.14  rad/sec2  and  for  the  VJ  101  between  zero  and  0.31  rad/sec2. 


The  Fig.  demonstrates  also  the  influence  of  the  size  of  the  aircraft  on  the  C 
used  control  accelerations  as  the  type  of  the  S*S  is  the  same  for  both  aircrafts.  There-  -j 
fore  from  this  Fig.  it  can  be  concluded  that  the  lower  limit  of  the  recommended  control  \ 
accelerations  of  AGARD  Rep.  577  corresponds  good  to  larger  aircrafts  and  the  upnet  limit  | 
good  to  sraller  aircrafts.  The  exeption  is  the  yaw  control  power  of  the  VJ  loi,  these  \ 
values  are  smaller  than  expected  due  to  dynamic  structure  problems  of  the  heavy  swivelling  \ 
engine  pods.  Of  course  the  maximum  available  control  power  about  the  different  axis  is  < 
much  higher,  due  to  the  fact,  that  an  engine  failure  has  to  be  tri-’red  out.  "'able  2  shows  a 
these  values  for  normal  conditions  in  Hovering  flight:  l 


Table  2  'lax.  available  control  power 

7s  mentioned  above  larre  tiimnine  romonts  occur  at  transition  fliohts  with  the 
Do  31  'which  consume  a  large  amount  of  the  available  control  power  (Tic.  JO) .  These  large 
trimnino  moments  are  due  to  iet  induced  ef?ccts,  as  will  1:**  described  next  and  due  to 
the  aerodynamic  Pitching  moment  depending  on  the  actual  anole  ne  attac*-,  the  dynamic 
pressure  and  the  center  of  gravity  position.  The  Finure  shows  also  the  maxi— um  amount 
of  additional  control  m.oncrt  which  was  used  to  control  disturbances.  It  has  to  be  said 
that  the  given  datas  describe  the  worst  of  all  cases  and  that  there  was  no  difficulty 
due  to  this  problem  during  the  flight  test  period.  ?hm  critical  period  is  passe-  very 
fast  and  if  the  necessary  trim  moments  would  have  beer,  laroer  then  the  available  con¬ 
trol  moment,  the  aircraft  'would  have  pitched  um  and  enlarge-'  the  ancle  of  attar’-.  Due 
to  this  the  aerodynamic  pitching  moment  would  have  beer  reduced  and  the  aircraft  would 
have  cone  to  a  new  steady  state. 
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2.2 


Effects  of  the  SAS  on  the  used  control  accelerations 


Fig.  11  gives  an  interesting  result  concerning  the  problem  of  the  effects  of 
autostabilization  on  the  used  control  moments  for  maneuvering,  which  was  found  by  chance 
during  the  flight  tests  of  the  Do  31.  At  this  flight  the  pilot  forgot  to  engage  the  SAS 
and  did  that  only  when  more  than  half  the  transition  was  passed.  It  can  be  seen  that 
by  engaging  the  SAS  the  used  control  moments  are  reduced  significantly. 

Fig.  12  shows  the  Influence  of  the  SAS  characteristics  on  the  necessary  thrust 
for  control  about  the  roll  axis  which  was  found  by  flight  tests  of  the  VJ  101 .  As  the 
flight  experience  had  shown  that  during  actual  transitioning  and  maneuvering  towards  the 
landing  spot  the  pilot  only  very  seldom  uses  the  roll  control  it  was  tried  to  enlarge 
the  Tg0,  time  to  reach  90  %  of  the  commanded  attitude,  to  save  thrust.  Test  with  tethe¬ 
red  pitch  and  yaw  axis  showed  that  for  step  inputs  and  a  Tg0  =  2  sec  5  %  of  the  in¬ 
stalled  cruise  engine  thrust  was  needed.  Using  a  Tgo  =  2,2  sec  this  value  dropped  to  3  %. 
Even  with  this  higher  value  of  Tq0  =  2,2  sec,  the  aircraft  was  as  well  handled  by  the 
pilots  as  with  the  Tg0  =  2  sec.  But  the  take-off  weight  could  be  increased  considerably. 
At  the  same  time  the  sensitivity  of  the  pilots  to  overshoots  was  reduced. 


2.3  Dynamic  Characteristics 

Fig.  13  shows  the  well-known  diagram  of  the  control  system  characteristics, 
which  are  found  from  moving  base  simulation.  From  this  results  it  was  found  that  the 
system  would  have  good  dynamic  characteristics  if  the  natural  frequency  was  about 
5  rad/sec  and  the  damping  nearly  aperiodic.  From  flight  tests  with  the  VJ  101  -  and  the 
results  were  quite  similar  for  the  Do  31  -  it  was  found,  that  the  natural  frequency  should 
be  lower  and  the  damping  ratio  should  be  higher  than  found  by  the  simulator  tests. 

This  tendency  is  even  stronger  for  the  pitch  axis.  The  large  distance  between  pilot 
position  and  the  axis  of  rotation  makes  the  pilot  more  sensitive  in  pitch  than  in  roll 
due  to  the  fact,  that  pitch  angular  accelerations  produce  additional  vertical  accele¬ 
rations  at  his  seat. 

Furthermore  it  was  found  from  the  flight  tests,  as  already  mentioned,  that 
the  Tgg  can  be  higher  than  recommended  by  AGARD  Rep.  577  and  that  this  value  is  of  no 
great  importance  for  the  pilot  opinion  of  the  system  dynamics.  Tab.  3.  From  flight  tests 
with  the  VJ  10]  it  was  found  that  it  is  more  important  that  the  time  from  control  input 
to  angular  acceleration  on-set  (dead  tine)  does  not  exceed  about  0.05  sec,  that  the  time 
to  reach  63  %  of  peak  angular  acceleration  doe**  not  exceed  0.2  seconds  and  that  very 
little  or  better  no  overshoot  or  change  in  acceleration  on  higher  order  systems  occurs. 

The  last  two  points  are  very  imoortant  since  overshoot  combined  with  a  high  time  constant 
will  lead  to  PIO. 


AGARD-REP  577 

VJ-101C 

DO  31 E 

TgO  I  sec  1 

1-2 

2-3 

2-3 

TIME  TO  63%  OF 
PEAK  ACCEL.  Esecl 

<  0.2 

<  0.2 

no  dates 

DEAD  TIME  I  sec  3 

<  0.1 

<  005 

no  datas 

Table  3  Control  system  tine  lags 


The  limit  cycle  experienced  in  flight  tegts  with  the  VJ  101  was  objected  by 
the  pilots  as  soon  as  it  would  exceed  about  +0,3°  and  1  Hz  or  +  0,5°  and  0,3  Hz  in  the 
pitch  axis.  In  the  roll  axis  again  t;  ey  were~less  sensitive  and- would  not  object  limit 
cycles  up  to  +  0,5°  and  1  Hz.  Here  also  the  strong  influence  of  the  vertical  accelera¬ 
tion  can  be  seen. 

For  higher  order  closed  loop  attitude  systems  it  is  very  important  to  check 
for  "reversions  in  the  sign  of  accelerations".  Fig.  14  gives  some  results  of  a  comparison 
between  two  types  of  pitch  attitude  response  for  a  stick  step  input.  The  slight  overshoot 
was  not  objected  by  the  pilot  but  the  superimposed  oscillation  was  objected  and  the  be¬ 
haviour  was  judged  "unacceptable". 


2.4  Control  System  Failures 

Failure  investigati  ns  using  the  VJ-101  showed,  that  changing  from  attitude 
control  to  rate  control  as  a  failure  rode  can  be  handled  by  the  pilots  if  this  happens 
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only  in  one  axis.  Simultaneous  reversions  in  both  axis  roll  and  pitch  posed  severe 
difficulties  to  the  pilots  and  can  result  in  too  high  side  velocities.  Reversions  from 
attitude  control  to  acceleration  control,  in  the  case  of  the  VJ-101  accompanied  with  a 
time  lag  of  about  0,2  seconds  for  acceleration  built-up,  could  not  be  handled  for  any 
reasonable  time  to  ensure  safe  landings. 

As  the  SAS  of  the  DO-31  is  only  a  one  channel  system  with  an  additional  damper 
in  the  Roll  axis  the  effects  of  a  system  failure  were  very  early  investigated  by  tests 
on  the  pedestral  and  in  flight.  It  was  demonstrated  that  the  pilot  was  able  to  control 
the  aircraft  in  Pitch  and  Yaw  without  any  stabilization,  in  Roll  it  was  possible  only 
with  the  roll  damper  engaged  or  if  the  yaw  and  pitch  axis  were  stabilized.  But  even 
then  there  was  a  PIO  of  +  5  degrees  amplitude. 


2.5  Sensitivity  to  disturbances  and  side  step  maneuvers 


As  the  necessary  lift  in  hover  and  transition  of  both  aircrafts  is  generated 
mostly  by  the  engine  thrust  and  not  aerodynanically  by  the  wing  the  sensitivity  to 
disturbances  is  very  low.  It  v/as  even  found  for  the  Do-31  that  the  aircraft  is  more 
sensitive  to  disturbances  in  conventional  flight  than  in  transi  ion. 

Also,  on  the  contrary  to  other  Jet  lift-VTOL  configurations  there  are  no  instable 
rolling  tendencies  at  side  step  maneuvers.  The  reasons  for  this  good  behaviour  are  the 
endplate-effect  of  the  lift  engine  jets  in  the  case  of  the  Do-31  and  the  cruise  engine 
jets  of  the  VJ-101  and  the  large  available  control  accelerations  in  the  roll  axis. 

With  both  aircrafts  side  step  maneuvers  up  to  5  degrees  of  bank  angle  are  performed 
without  any  difficulty. 

Nevertheless  it  seems  to  be  dubious  whether  side  step  maneuvers  are  of  great 
practical  importance  as  side  wind  effects  could  also  be  controlled  bv  a  heading  change. 


3.  JET  INDUCED  EFFECTS  AND  HOT  GAS  RECIRCULATIO }  PROBLEMS 

The  jets  of  the  engines  induce  a  flow  which  produces  forces  and  moments  on 
the  surfaces  of  the  aircraft.  The  most  important  effects  are  the  lift  losses  and  the 
jet  induced  pitciiinq  moments. 

Due  to  the  special  arrangement  of  the  engines  in  the  case  of  the  VJ-loi  the 
jet  induced  pitching  moment  is  automatically  trimmed  without  any  significant  reduction 
of  the  available  control  moment.  In  the  case  of  the  Do-31,  as  this  jet  induced  pitching 
moment  lias  to  be  trimmed  out  by  bleed  air  thrust,  there  is  a  sianif leant  reduction  of 
the  available  control  moment  in  piten.  Tin.  15  gives  somr>  information  about  the  values, 
which  are  evaluated  from  Do  31  flight  tests  and  which  co; resoond  sufficiently  to  the 
windtunnel  test  results.  The  most  important  parameters  arc  the  thrust  level  of  the 
engines  and  the  nozzle  angle  of  the  cruise  engines.  This  explains  the  difference  be¬ 
tween  t  -  values  of  take-off  and  landing  transitions.  7 he  lift  losses  can  reach  values 
of  more  than  10  3  of  the  total  weight  at  medium  transition  speeds  or  within  the  ground 
effect  and  the  jet  induced  pitching  moment  consumes  more  than  50  %  of  the  available 
control  moment  at  lower  transition  speeds.  Within  the  ground  effect  the  jet  induced 
pitching  moment  changes  its  sign  so  that  the  autostabilization  system  needs  large 
control  nomentuns  at  touch  down . 
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Hot  gas  recirculation  occurs,  when  the  hot  exhaust  gases  are  reflected  on  ^ 
the  ground  and  are  rising  again  by  the  so  called  fountain-effect.  These  hot  oases  could  4 
then  be  re-ingested  by  the  engines,  which  lead  to  thrust  losses  due  to  the  higher  inlet  J 
temperatures,  to  overheating  problems  of  the  jet  pipes  and,  if  it  occurs  suddenly,  to  | 
pumping  of  the  compressor.  So  the  actual  used  take-off  -  and  landing  procedures  { 
described  before  are  developed  to  avoid  recirculation  as  far  as  possible.  Flying  with-  $ 
in  the  ground  effect  and  that  moans  within  the  recirculation  area  which  begins  below  ; 
40-50  ft  altitude  is  not  possible  for  both  aircrafts.  ‘ 

s 

Tig.  16  gives  some  ideas  of  the  recirculation  and  jet  induced  effects  on  the  j 
touch  down  sink  rate  of  the  Do  31  in  relation  to  the  initial  sink  rate  out  of  the  ground  5 
effect.  The  inlet  temperature  of  the  cruise  engines  is  increased  at  normal  vertical  \ 
landings  between  20  and  40  contigradcs.  The  nozzle  angle  of  the  cruise  engines  at  touch  4 
down  depends  on  the  forward  speed  and  is  normaly  between  95  and  110  lecrees.  Duo  to  i 
these  effects,  which  both  increase  the  sinkrate,  the  initial  sink  rate  out  of  the  ground  { 
effect  should  not  be  more  than  1  n/s  to  avoid  toe  high  gear  loads.  1 


4.  REMARKS  TO  THE  AGARD-REP.  577 


4.1  General 

The  new  AGARD-Rep.  577  concerning  the  Handling  Qualities  of  VRTOL-Aircrafts 
is  a  remarkable  improvement  in  comparison  with  the  old  Rep.  403  A.  This  could  bo  seen 
also  from  the  flight  test  datas  of  the  presented  aircrafts.  Nevertheless  there  arc 
some  remarks  from  a  project  engineers  standpoint,  which  can  nake  the  Report  even  more 
usefull  for  the  design  cf  a  new  aircraft. 
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One  of  the  most  important  purposes  of  Recommendations  like  these  should  be 
to  give  to  the  project  engineer  in  the  early  state  of  a  project  some  information  how 
much  thrust  he  has  to  install  to  guarantee  resonable  performance  and  flying  qualities. 
Furthermore  the  lay-out  should  depend  from  the  required  missions,  the  configuration 
and  size  of  the  aircraft  and  the  effects  of  an  engine  or  system  failure.  For  instance 
the  importance  of  Flying  Qualities  in  hover  flight  for  the  lay-out  of  a  VTOL-nircraft 
the  main  tasks  of  which  are  rescue  missions  or  other  mainly  hover  tasks  will  be  much 
higher  in  comparison  to  another  aircraft,  whose  VTOL  capability  is  only  used  to  avoid 
the  use  of  a  ground  fixed  runway.  So,  for  the  latter  the  recommended  maneuvering 
capabilities  could  be  of  a  lower  level  for  instance.  The  size  and  configuration  in¬ 
fluence  was  demonstrated  in  this  paper  and  the  effects  of  engine  or  system  failure 
is  mostly  a  lay-out  criterion  for  multi-engine  types  of  V/STOL-aircraf ts .  The  thrust 
to  weight  ratio  (T/W)  after  an  engine  failure  in  combination  with  a  certain 
emergency  amount  of  control  power  will  lead  to  the  values  of  thrust  or  to  the  numbers 
of  engines  which  should  be  provided  for  the  project.  So  especially  this  point  should 
be  handled  in  detail  within  VSTOL-Handling  Qualities  Recommendations. 

An  easy  way  to  regard  all  these  different  points  could  be  the  definition  of 
certain  "Levels"  for  the  recommended  values  similar  to  the  USAF-MTL  Spec,  for  Handling 
of  V/STOL-Aircrafts .  For  instance:  Level  1  for  mission  tasks.  Level  2  for  normal  flight 
and  Level  3  for  emergency  like  engine  or  system  failure.  With  these  levels  the  influence 
of  the  special  missions  and  of  the  configurations  could  be  better  accommodated. 

4.2  Special  remarks 

From  flight  experience  and  project  layout  investigations  we  would  like  to 
give  some  special  comments  to  several  detailed  points. 

Recommendations  for  thrust  to  weight  ratios  (T/W)  at  simultaneously  actuated 
control  devices  especially  for  an  engine  failure  case  are  missed  in  the  Report. 

A  proposel  could  bo:  T/W  =  1  should  be  possible  at  the  most  critical  engine  fai¬ 
lure  with  simultaneously  actuated  control  devices  for  maneuvering  up  to  the  half 
of  the  lower  limit  of  the  control  power  for  moneuvering  in  addition  to  the  trim 
moments . 

-  Recommendations  for  a  system  failure  could  be  more  specified  in  the  following 
manner:  Control  system  failures  should  not  lead  to  large  changes  in  control  lav: 
c-.g.  reversions  from  attitude  to  rate  control  should  happen  in  only  one  axis  and 
from  attitude  to  acceleration  control  should  not  be  possible  for  any  axis. 

-  For  the  attitude  control  systems  in  pitch  and  roll  there  seem  to  be  discrepancies 
between  the  criterias  for  the  dynamic  behaviour  and  the  damping  criterias. 

-  For  a  rate  control  system  in  yaw  more  characteristic  recommendations  seem  to  be 
necessary,  ior  instance  values  for  max.  rate  change  at  max.  control  deflection  or 

a  definition  of  a  permissible  heading  failure  at  the  end  of  a  yawing  maneuvre  after  a 
zero  rate  command. 


The  recommended  acceleration  and  deceleration  value  of  0.5  g  seems  to  be  too  hiqh 
for  normal  transitions  and  should  be  replaced  by  0. 3-0.4  g.  At  the  same  paragraph 
the  "simultaneous  level  flight"  should  be  replaced  by  "without  heioht  loss  which 
can  not  be  subsequently  recovered". 

Flight  in  recirculation  is  not  an  absolute  necessity  and  should  be  replaced  by 
safe  penetration  of  the  recirculation  region. 

The  initial  response  e.g.  onset  of  accelerations  should  have  low  values,  whilst 
the  T,,  for  angular  accelerations  is  only  of  interest  as  far  as  the  stability  of 
the  closed  loop  system  is  concerned. 

As  already  mentioned  above  the  control  lags  are  onlv  of  importance  when 
accompanied  with  overshoot  that  is  poor  velocity  damping. 

The  catalogue  of  the  "Maneuvers  for  V/STOL  aircraft  handling-qualities  evaluation" 
in  the  Appendix  is  too  extensive  for  a  practical  use  und  from  our  standpoint  it 
overvaluates  the  hoverina  capabilities  which  are  for  the  handlina  of  the  VJ  101 
ana  the  Do  31  not  as  important  as  the  transition  techniques  or  the  behavior  of 
the  total  system  with  the  characteristics  of  the  SAS  included.  Therefore  from 
the  actual  experience  of  simulation  and  flight  testir.q  it  must  be  possible  to 
revise  this  Appendix  to  give  a  more  practical  guideline  for  the  simulation  and 
flight  test  work. 
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LEAD  DISCUSSION 


by 

JEROME  TEPLITZ 

Program  Manager,  Flying  and  Handling  Qualities 
FEDERAL  AVIATION  ADMINISTRATION 
Washington,  0.  C.  20691 


Before  powered-lift  V/STOL  aircraft  can  be  utilized  cornnercially,  several  important  questions  must  be 
answered.  What  performance  and  safety  margins  are  required?  What  operational  limitations  must  be  esta¬ 
blished  for  routine  conmercial  operations?  But  first  and  foremost  -  What  handling  qualities  must  these 
V/STOL  aircraft  have  to  permit  slow,  steep  terminal  area  flight  patterns  under  instrument  as  well  as 
visual  flight  conditions? 

The  Federal  Aviation  Administration  (FAA)  has  only  recently  undertaken  its  own  R8D  programs  to  obtain 
solutions  to  some  of  the  civil  aircraft  handling  qualities  problems  which  nave  been  identified  as  impor¬ 
tant  to  civil  aviation.  Since  1967,  the  F.AA  has  worked  in  close  cooperation  with  NASA  and  the  U.S.A. 
military  services  in  R&D  utilizing  the  most  modern  experimental  facilities  for  handling  qualities  research. 

We  have  sponsored,  and  are  now  jointly  supporting  handling  qualities  research  using  the  Princeton 
variable-stability  Navion,  the  Air  Force-Cornel  1  T-33  and  TIFS  variable-stability  airplanes,  the  NASA-Ames 
S-16  and  the  new  FSAA  moving-base  simulators,  and  toe  NAVAIR  X-22A  variable-stability  V/STOL  flight 
research  aircraft. 

The  objectives  of  this  work  are  to  develop  quantitative  and  qualitative  flight  characteristics  criteria 
for  aircraft  system  design  and  for  civil  certification  to  define  optimum  characteristics,  to  evaluate 
tradeoffs  in  design  factors  and  to  establish  minimum  standards  for  airworthiress  certification.  This 
work  is  intended  complement  research  by  NASA  and  by  the  military  services,  but  directed  toward  civil 
aircraft  configurations  and  regulatory  applications.  We  like  to  believe  that  we  are  making  useful  contri¬ 
butions  to  the  body  of  knowledge  needed  for  new  aircraft  design  and  certification,  and  to  assure  safe, 
routine  operation  of  advanced  civil  aircraft  of  all  types. 

Reading  the  paper  on  V/STOL  handling  qualities  criteria  for  the  VJ-101C  supersonic  fighter,  and  the 
DO-31 E  transport  aircraft  -  one  is  impressed  not  only  Dy  the  ingenuity  of  these  design  concepts,  but  also 
Inevitably  by  the  commonality  cf  experience  reported  for  these  V/STOL  designs  and  of  nearly  all  of  the 
other  V/STOL  aircraft  developed  thus  far.  Almost  all  have  experienced  major  accidents  curing  their  flight 
operations.  Very  few  of  these  accidents  have  been  directly  attributed  to  the  handling  qualities  of  those 
designs.  Many  have  been  one-or-two-of-a-kind  vehicles,  relative  low-budget,  intended  for  exploratory 
research,  and  utilizing  relatively  unproven  power  plant  or  flight  control  concepts.  The  DO-31  is  perhaps 
unique  in  that  flight  testing  was  terminated  by  choice  rather  than  by  necessity.  As  noted  in  the  Committee's 
latest  report  on  V/STOL  handling  qualities  criteria,  AGARD  Report  No.  577,  the  preponderance  of  the  results 
of  flight  tests  of  those  vehicles  relate  to  performance  and  fl'ght  safety  considerations.  Only  limited 
lata  relevant  to  the  development  of  V/STOL  handling  qualities  criteria  are  available,  and  much  additional 
research  remains  to  be  done  to  resolve  the  critical  handling  qualities  problems  associated  with  low-speed 
flight  regimes  -  approach  and  touchdown,  hovering,  transition  or  conversion,  and  related  emergency  flight 
conditions. 

A  new  set  of  stability  and  control  design  problems  has  emerged  for  V/STOL  aircraft.  For  conventional 
airplanes,  control  power  frequently  has  been  equated  with  good  handling  qualities,  especially  where  rapid 
maneuvering  dominates  mission  requirements  and  critically  affects  structural  weight  and  payload.  With 
most  V/STOL  research  vehicles,  however,  maneuvering  control  power  has  not  been  the  problem.  Indeed, 
experience  with  the  VJ-101  and  the  00-31  indicates  that  maneuvering  control  requirements  were  easily  met  - 
but  trim  and  stabilization  requirements  such  as  trim  changes  in  ground  effect  require  the  capability  for 
rapid  response  to  control  application.  It  appears  that  adverse  ground  effects  are  going  to  be  a  fact  of 
V/STOL  life,  and  certification  and  operational  criteria  are  bound  to  be  influenced  drastically  thereby. 
Satisfactory  touchdown  characteristics  may  be  more  critical  and  harder  to  achieve  than  good  approach 
handling  qualities  -  which  heretofore  has  generally  been  the  critical  low-speed  design  problem. 

Moving  ground  plane  tests  of  heavy-wing- loading  STOL  transport  airplane  configurations  indicate  large  lift 
and  drag  reductions  plus  ncse-down  trim  changes  as  the  airplane  approaches  the  ground  in  the  powered-lift 
landing  configuration.  Some  unpublished  simplified  three-degrees-of-freedom  analyses  of  a  constant-power, 
open-loop,  elevator  flare  maneuver,  varying  flare  rate  and  flare  initiation  height  are  indicated  in 
Figure  1.  Typical  values  of  pouered-lift  STOL  transport  aircraft  characteristics,  stall  margin,  approach 
speed,  powered-lift  effects  and  longitudinal  control  characteristics  were  assumed.  Touchdown  sink 
rates  appear  to  be  very  sensitive  to  flare  initiation  altitude  and  wing  position.  The  results  indicate 
an  inability  with  elevator  alone  to  arrest  completely  the  sink  rate,  and  only  a  narrow  range  of  flare 
initiation  heights  to  achieve  minimum  sink  rates  at  touchdown. 

Additional  direct  lift  contiol  could  be  used  to  fully  arrest  the  sink  rate.  It  would  appear  that  the 
assumption  of  constant  pow*r  is  valid  in  this  case  because  of  the  short-time  period  involved  in  the 
flare  maneuver  and  probable  flare  engine  time  constant  which  would  require  very  precise  pc«er  control 
action  by  the  pilot  in  addition  tc  his  other  duties. 

A  related  concrol  problem  which  not  yet  received  its  due  attention  is  that  of  rolling  and  yawing 
moments  resulting  from  asynroetric  jet-induced  interference  effects  near  the  ground.  It  is  only  touched 
on  in  AGARD  Report  No.  577  on  V/STOL  handling-qualities  criteria.  Sideslipping  near  the  ground  or 
operation  in  crosswinds  can  impose  very  significant  lateral  control  power  requirements  for  aircraft 
designs  with  nigh  effective  dihedral.  Even  with  a  VTOL  aircraft,  it  is  not  always  possible  to  head 
into  the  wind  to  avoid  crosswinds.  I  ikewise,  yawing  moments  resulting  from  differential  inclination 
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Fig.  14  Pitch  attitude  response  for  a  stick  step  input 


Fig.  13  System  dynamics:  companion  simulation  vs  flight 
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and  magnitude  of  the  lift  vector  with  banking  in  ground  effect  can  exceed  the  available  yaw  control 
power.  Here  mechanical  interconnects  or  control  mixing  may  be  particularly  troublesome  if  automatic 
stabilization  is  not  available,  if  control  system  lags  are  hiqh,  or  if  control  response  is  sluggish. 
NASA  tests  of  the  XC-142  indicated  that  available  yawing  nwtent  control  to  counteract  asymmetric 
yawing  moments,  near  the  ground,  are  exceeded  above  the  bar;x  angles  of  about  8  degrees  (see  Figure  2). 


Related  problems  due  to  ground  presence  -  recirculation  and  ground  erosion  due  to  jet  exhaust  are  of 
course  well  known  -  and  were  described  to  be  severe  for  both  the  VJ-101  and  DO-31.  Afterburners  for 
takeoff  as  available  with  the  V.l-101  may  oe  useful  under  very  special  circumstances,  but.  Impose 
drastic  operating  restrictions.  Recirculation  problems  may  be  alleviated  somewhat  by  making  takeoffs 
and  landings  at  low  forward  speeds  rather  than  vertically,  and  with  minimum  time  spent  in  ground  effect. 
Immediate  shutdown  of  lift  engines  after  touchdown  is  required  to  avoid  high  inlet  temperatures, 
thereby  increasing  the  pilot's  workload.  r'r  the  DO-31,  NASA  reported  that  the  effects  of  suckdow' 
due  to  pressure  forces  and  engine  thrust  loss  due  to  exhaust  gas  Ingestion  combine  to  result  in  an 
incremental  downward  acceleration  of  about  O.lg,  and  an  Induced  impact  of  about  8  feet  per  second 
during  a  typical  vertical  landing.  The  NASA  tests  (Reference  2)  indicated  that  below  about  35  feet, 
the  landing  commitment  is  definite  because  of  concern  over  reingestion  and  power  availability. 

The  VJ-101  and  DO-31  VTOL  tests  confirm  that  the  pilot  workload  during  transition  or  conversion  and 
during  landing  represents  a  most  difficult  challenge  to  the  VTOL  control  system  designer.  The  variety 
of  conversion  concepts  available  to  the  VTOL  designer  such  as  to  tilt  the  thrust  unit,  to  swivel  the 
nozzles,  or  to  use  separate  or  additional  propulsion  systems  for  hovering  and  cruising,  require  additional 
operations  to  be  carried  out  by  the  pilot,  and  very  likely  require  new  or  unusual  flight-path  control 
techniques. 

Both  the  VJ-101  and  00-31  employed  sophisticated  command  control  and  stability  augmentation  systems  for 
use  below  transition.  Attitude  stabilization  was  considered  mandatory  by  the  NASA  pilots  for  VIOL 
operation  of  the  DO-31  because  of  the  workload  involved  in  power  management.  With  the  attitude- :ommand 
control  system  about  the  pitch  and  roll  axes,  the  DC-31  could  be  comfortably  flown  down  to  breakout 
at  about  200  feet  and  flare  initiation.  The  control  and  attitude  stabilization  systems  allowed  the 
necessary  attention  to  be  paid  tc  power  management,  because  of  the  pilot's  capability  to  readily  arrest 
the  sink  rate.  With  the  tilt-wing,  propeller-driven  XC-142A  VTOL, low-gain  attitude  stabilization  plus 
a  power-conmand  flight  director  allowed  pilots  to  concentrate  on  powered-lift  management  problems 
involved  in  backside  operation,  and  resulted  in  much  improved  1LS  tracking  performance  over  that  with 
a  rate  stabilization  system.  See  Reference  3.  At  the  slow  approach  speeds,  typical  of  VTOL  aircraft 
and  without  attitude  stabilization,  the  pilot's  total  workload  during  precision  approaches  will  vary 
likely  be  excessive  because  of  the  lack  of  strong  acceleration  cues  to  warn  the  pilot  of  attitude 
divergence. 
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Achievement  of  desirable  handling  qualities,  even  for  the  unsophisticated  small  airplane,  has  proved 
to  be  extremely  difficult  by  aerodynamic  design  treatment.  Aerodynamic  improvements  to  an  aircraft 
design  are  rarely  made  solely  to  optimize  handling  qualities  or  to  reduce  pilot  workload,  but  rather 
to  provide  for  minimum  satisfactory  or  acceptable  handling  characteristics  to  exploit  the  intended 
performance  or  mission  effectiveness.  Experience  thus  far  with  the  various  V/STOL  aircraft  concepts 
indicates  that  stability  and  control  augmentation  will  be  required  to  compensate  for  inherent  deterio¬ 
ration  in  handling  qualities  because  of  weight  and  speed  factors.  We  should  increase  our  handling 
qualities  to  research  on  advanced  flight  contro1  system  concepts  to  learn  tne  types  and  levels  of 
augmentation  and  comnand  responses  that  optimize  pilot-vehicle  performance  for  the  various  flight 
mission  phases.  We  also  need  to  continue  to  develop  related  design  and  analytical  techniques  for  the 
flight  control  systems  as  well  as  for  the  basic  airplane. 

The  traditional  approach  to  handling  qualities  research  has  been  to  relate  the  pilot's  descriptive 
evaluation  of  relative  handling  quality  to  the  dominant  parameters  describing  the  aircraft  response. 

With  the  command  augmentation  system,  the  command  model  is  the  dominant  characteristic  and  pilot's 
evaluation  of  the  augmented  aircraft  response  must  be  in  terms  of  its  closed-loop  characteristics. 

With  modem  data  processing  techniques,  it  is  possible  to  devise  suitable  quantitative  measures  of 
quality  to  replace  subjective  pilot  opinion.  Pilot  workload  or  closed-loop  task  performance  in  the 
context  of  the  mission  requirements  is  readily  measured  and  analyzed  by  machine  data  processing.  Quan¬ 
titative  measures  of  handling  quality  must  be  developed  to  eliminate  the  problems  of  test  pilot  vari¬ 
ability  because  of  differences  in  training,  experience,  technique,  personality,  bias,  etc. 

Hr.  Wunnerberg  suggests  an  interesting  variation  of  the  U.S.A.  handling  qualities  MILSPEC  approach  to 
the  "levels  of  flying  qualities."  He  would  accept  Level  2  for  "normal"  flight,  reserving  Level  1  for 
mission  tasks,  and  reverting  to  Level  3  for  emergencies.  The  MILSPEC  defines  level  of  flying  quality 
in  terms  of  adequacy  for  mission  flight  phase  -  but  includes  all  the  usual  flight  phases  as  “normal" 
flight.  Level  of  flying  quality  is  related  directly  to  failure  state  and  the  operating  point  in  the 
operational  or  service  flight  envelope.  Level  1  is  specified  in  the  MILSPEC  as  the  normal  state  within 
the  operational  flight  envelope. 

A  matter  of  special  concern  to  the  FAA  is  the  relation  of  the  pilot  opinion  rating  scale  and  the  level 
of  flying  quality  to  the  so-called  "minimum  acceptable  level"  of  safety  for  civil  aircraft  certification. 
The  United  States  enabling  statute,  the  Federal  Aviation  Act  of  1958,  calls  for  the  highest  possible 
level  of  safety  in  scheduled  airline  operations.  Sec.  601(b),  but  paradoxically  requires  only  such 
minimum  airworthiness  standards  for  aircraft  as  are  reasonably  required  in  the  interest  of  safety. 

Sec.  601(a)(1).  The  FAA  transport  airplane  certification  requirements  implementing  the  statute.  Federal 
Aviation  Regulations  Parts  21  and  25,  imply  FAA  determination  of  a  level  of  safety  and  requires  consi¬ 
deration  of  probable  system  failures  in  the  establishment  of  that  minimum  acceptable  level  of  safety 
in  operations.  This  philosophy  adopted  for  civil  certification  may  'e  closer  to  Mr.  Wunnerberg's 
suggested  Level  2  than  the  Level  1  of  the  military  specification. 


It  is  difficult  to  relate  the  civil  "minimum  acceptable  level  of  safety"  quantitatively  to  the  MILSPEC 
"level  of  flying  quality"  and  to  "airplane  failure  state."  The  Cooper-Harper  pilot  opinion  rating 
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system  recognizes  that  the  combined  rating  degradation  caused  by  two  or  more  poor  flying  quality  para¬ 
meters  can  be  significantly  worse  than  the  degradation  caused  by  any  one  of  them,  but  this  problem  has 
hot  been  studied  to  any  great  extent  by  the  military  services.  The  MILSPEC  sets  Level  2  as  havinq  a 
numerical  pilot  opinion  rating  3%  to  6*5  (descriptively  as  having  deficiencies  which  warrant  improve¬ 
ment).  Level  3  carries  a  pilot  opinion  rating  above  6H  *  characterizing  deficiencies  which  require 
improvement  or  excessive  pilot  workload.  The  MILSPEC  specifies  a  reasonably  probable  (Level  2)  failure 
as  occurring  with  a  probability  of  10-2  per  flight  within  the  operational  flight  envelope,  and  10"4 
within  the  service  flight  envelope. 

There  are  no  sir.ilar  failure  probability  values  similar  to  the  military  values  established  in  the  civil 
requirements.  The  civil  requirements,  on  the  other  hand,  primarily  relate  to  effects  of  system  failures 
on  performance  rather  than  on  handling  qualities.  The  differences  in  criteria  and  intended  application 
make  detailed  comparison  of  the  civil  and  military  requirements  not  always  feasible.  This  is  only  one 
facet  of  the  FAA  problem  in  applying  the  criteria  derived  from  HILSPEC  -  related  handling  qualities 
research  to  the  establishment  of  civil  airworthiness  regulations.  We  have  made  a  start  on  this, 
however,  and  we  hope  soon  to  begin  to  investigate  the  problem  of  multiple  degraded  characteristics 
on  minimum  acceptable  level  of  safety,  under  carefully  control! ed-conditions,  which  is  possible  with 
the  use  of  available  ground-based  and  in-flight  simulators. 
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CRITERIA  TRENDS  OBTAINED  FROM  ANALYSIS  OF  CURRENT  AIRCRAFT 


Charles  E.  Adolph 
Chief,  Fighter  Projects 
Performance  &  Flying  Qualities  Branch 
Air  Force  Flight  Test  Center 
Edwards  Air  Force  Base,  California  93523 


INTRODUCTION 

At  the  Air  Force  Flight  Test  Center,  we  are  actively  involved  in  the  test  and 
evaluation  of  USAF  aircraft.  In  the  past,  the  criteria  used  for  our  flying  qualities 
evaluations  have  been,  for  the  most  part,  the  design  criteria.  Evaluating  an  airplane 
against  design  requirements  is  certainly  essential.  But  we  have  often  found  that  an 
evaluation  which  is  limited  to  only  design  criteria  is  incomplete  and  leaves  many 
unanswered  questions.  First,  there  is  the  problem  of  correlation  of  the  requirements 
with  the  adequacy  or  suitability  of  the  airplane,  particularly  for  those  cases  for 
which  the  design  criteria  are  not  met.  V?hat  is  needed,  at  least  for  certain  cases, 
are  parameters  which  can  be  more  directly  correlated  with  aircraft  flight  phase  tasks. 
Secondly,  there  are  some  requirements  which  are  not  readily  translatable  into  either 
design  or  test  guidance;  e.g.,  the  requirement  that  an  airplane  be  spin  resistant  is 
a  qualitative  one  which  really  furnishes  no  guidance  to  either  the  designer  or  the 
flight  test  evaluator. 

This  paper  discusses  the  need  for  developing  additional  criteria  specifically  for 
evaluation  purposes.  Also  included  are  discussions  of  several  other  topics  in  the  fly¬ 
ing  qualities  area  which  have  been  recurrent  items  of  interest  in  our  recent  evaluations 
of  high  performance  aircraft.  Included  are  comments  on  high  angle  of  attack  criteria, 
an  overview  of  the  results  from  evaluations  of  aircraft  equipped  with  control  augmen¬ 
tation  systems,  and  a  summary  of  our  limited  experiences  in  anplving  MIL-F-87353 
(reference  1) . 

CORRELATION  OF  CRITERIA  WITH  MISSION  TASKS 

One  of  the  major  problems  confronting  us  today  is  the  task  of  evaluating  the 
effectiveness  of  an  aircraft  in  terms  of  its  mission.  Regardless  of  the  mission  of 
the  airplane,  the  flying  qualities  and  performance  of  the  air  vehicle  comprise  the 
foundation  upon  which  the  fighter,  bomber  or  cargo  weapon  or  support  system  is  built. 
Personnel  in  the  flying  qualities  field  often  assert  that  when  a  choice  must  be  made 
between  improvements  in  either  performance  or  flying  qualities  at  the  expense  of  the 
other,  performance  is  the  inevitable  winner.  If  this  is  true  it  is  because  perform¬ 
ance  criter’ a  can  be  more  directly  correlated  with  mission  accomplishment.  Express¬ 
ing  performance  capabilities  in  terms  that  are  meaningful  is  a  relatively  simple 
task;  deficiencies  in  takeoff  performance,  airplane  range,  maneuvering  performance 
or  engine  out  performance  are  easy  to  relate  to  mission  effectiveness.  The  signifi¬ 
cance  of  not  meeting  a  flying  qualities  requirement  such  as  roll  rate,  stick  force 
per  g,  or  damping  ratio  is  somewhat  less  obvious. 

Past  stability  test  programs  have  usually  consisted  of  a  quantitative  evaluation 
of  the  airplane  against  flying  qualities  design  criteria  as  well  as  a  pilot  qualita¬ 
tive  evaluation  of  handling  qualities.  As  a  result  it  has  been  difficult  to  convince 
program  managers  that  improvements  are  needed  when  specifications  are  not  met  unless 
a  deficiency  can  be  unequivocably  tied  to  safety  of  flight.  These  remarks  should  not 
be  construed  as  being  critical  of  program  nanagers.  On  the  contrary,  test  and  evalu¬ 
ation  procedures  and  criteria  must  be  refined  to  relate  flying  qualities  more  directly 
to  mission  capabilities.  The  parameters  must  be  directly  correlatable  with  mission 
effectiveness.  We  must  provide  program  managers  with  direct  evidence  that  improving 
flying  qualities  in  a  given  area  is  a  worthwhile  investment,  and  will  result  in  an 
improved  weapons  system.  In  other  words,  our  recommendations  for  improvement  must 
have  a  more  substantive  base  than  failure  to  meet  design  criteria. 

There  are  those  who  argue  that  meeting  the  snecification  criteria  is  synonymous 
with  providing  flying  qualities  that  are  adequate  for  the  mission.  While  this  may 
be  true,  at  least  insofar  as  the  Level  1  requirements  of  reference  1  are  concerned, 
the  converse  certainly  does  not  always  apply.  We  do  not  know,  a  priori,  what  the 
consequences  of  not  meeting  the  requirements  are,  at  least  insofar  as  mission  accom¬ 
plishment  is  concerned.  The  Level  1  requirements  of  KIL-F-8785B,  by  definition, 
represent  flying  qualities  that  are  clearly  adequate,  whereas  the  Level  3  flying 
qualities  are  such  that  the  airplane  can  be  controlled  safely,  but  pilot  workload  is 
excessive  or  mission  effectiveness  is  inadequate,  or  both.  The  extremes  of  the  spec¬ 
trum  are  easy  to  evaluate,  but  the  need  for  improvement  for  the  cases  between  Levels  1 
and  3  -  the  large  "gray"  or  marginal  area  -  can  only  be  determined  in  many  instances 
by  using  a  standard  other  than  the  design  criteria. 

There  is  another  problem  in  using  the  design  criteria  of  MIL-F-8785B  as  the  only 
evaluation  criteria.  The  design  criteria  are,  of  necessity,  specified  on  a  piecemeal 
basis.  Taken  individually,  the  renuirenents  are  necessary  but  rot  sufficient  condi¬ 
tions  for  flying  qualities  which  range  on  a  qualitative  scale  from  optimum  to  mar¬ 
ginal.  In  evaluating  the  airplane,  care  must  bo  taken  not  to  focus  too  hea*'ilv  ~r.  a 
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piecemeal  evaluation  to  the  exclusion  of  really  performing  a  good  evaluation  of  the 
aircraft  in  terms  of  the  tasks  it  will  be  used  for  operationally.  All  too  often,  the 
classical,  historical  flying  qualities  evaluation  has  been  a  piecemeal  approach.  For 
the  most  part,  only  one  axis  has  been  evaluated  at  a  time,  at  a  series  of  fixed  flight 
conditions.  In  so  doing  not  enough  attention  has  been  paid  to  the  criteria  in  toto. 
Combined  effects  must  also  be  assessed  under  highly  transient  conditions  and  a  certain 
degree  of  pilot  preoccupation  must  be  added.  To  do  this  effectively  we  must  concen¬ 
trate  far  more  heavily  on  evaluating  the  aircraft  in  mission-oriented  tasks.  Examples 
of  such  tasks  are  various  highly  transient  air  combat  maneuvers  such  as  gun  firing 
(simulated  and  actual)  during  high  g  decelerating  turns,  the  highly  transient  air- 
to-ground  weapons  delivery  maneuvers,  the  previously  mentioned  ground  controlled 
approach,  and  so  forth.  Obviously,  the  findings  from  each  evaluation  must  be  used 
to  refine  the  design  criteria  for  subsequent  procurements.  To  do  this,  the  parameters 
measured  must  again  be  separated  and  isolated.  This  is  no  simple  task  as  those  who 
have  worked  on  updating  MIL-F-8785  are  well  at/are. 

How  can  we  orient  a  portion  of  our  flying  qualities  testing  more  directly  towards 
flignt  phase  tasks?  Let's  use  an  air  superiority  fighter  as  an  example.  For  ihis  type 
of  aircraft,  the  ability  to  maneuver  to  a  lethal  position  for  the  employment  of  mis¬ 
siles  and/or  a  gun  is  of  primary  importance,  fne  process  of  maneuvering  into  posi¬ 
tion  is  currently  called  the  conversion  nrocess.  Conversion  capability  in  an  air¬ 
plane  is  a  function  of  flying  qualities,  performance,  and  visibility  when  human 
factors  (pilot  skills)  are  eliminated.  In  the  flying  qualities  area,  what  is  the 
relative  importance  of  each  of  the  following:  lift-limited  capabilities  (instanta¬ 
neous  g  available),  roll  rate,  roll  response,  longitudinal  stability  and  control  (e.g., 
damping,  force  gradients),  lateral-directional  stability  and  control?  It  is  essential 
that  the  relative  importance  of  each  factor  be  known  to  eliminate  lost  motion  during 
the  development  cycle  and  when  making  improvements  to  later  models  of  a  given  airplane 
type.  Recent  studies  by  the  NASA  Flight  Research  Center  at  Edwards  Air  Force  Base 
have  demonstrated  that  handling  qualities  deficiencies  as  related  to  air-to-air  track¬ 
ing  can  be  identified  and  isolated  by  performing  tracking  tasks  using  a  fixed  reticle 
gunsight  which  is  photographed,  and  then  observing  the  pipper  motion  relative  to  the 
target  aircraft.  As  an  example,  in  a  case  in  which  a  lateral-directional  problem 
caused  degradation  of  the  tracking  task,  the  pipper  moved  across  the  target  with 
side-to-side  motions,  in  spite  of  the  pilot's  best  efforts  to  effect  precise  track¬ 
ing.  Likewise,  vertical  motions  of  the  pipper  were  evident  with  a  problem  in  the 
pitch  axis  and  irregular  circular  patterns  existed  when  wing  rock  was  encountered. 

Tracking  tasks  were  used  by  the  Air  Force  Flight  Test  Center  to  evaluate  vari¬ 
ous  flight  control  system  configurations  on  a  specially  modified  airplane  with  a 
developmental  control  augmentation  system  (reference  2).  Pilot  opinion  ratings,  com¬ 
bined  with  a  quantitative  assessment  of  the  ability  to  track,  were  used  to  optimize 
the  system. 

There  are  other  illustrations  of  the  need  for  this  task-oriented  approach.  In 
two  recent  evaluations,  test  personnel  were  not  certain  of  the  magnitude  and  severity 
of  problems  that  could  arise  from  marginal  power  approach  configuration  speed  stabil¬ 
ity  characteristics  until  mission-oriented  tests  as  well  as  classical  piecemeal  fly¬ 
ing  qualities  evaluations  were  completed.  Traditional  tests  had  indicated  a  poten¬ 
tial  problem  area,  which  could  not  be  assessed  in  terms  of  airplane  effectiveness 
until  mission-oriented  tasks  were  performed.  For  one  airplane,  the  magnitude  of  the 
problem  was  apparent  when  angle  of  attack  excursions  of  several  degrees  were  experi¬ 
enced  when  attempting  minor  corrections  during  a  ground-controlled  approach.  In  an¬ 
other  airplane,  aft  eg  landing  characteristics  were  evaluated  during  approach  and 
landing  by  a  number  of  pilots  in  calm  and  turbulent  air.  The  original  objective  of 
this  evaluation  was  to  determine  an  aft  eg  limit  for  stability  augmentation  system 
off  operation  as  classical  stability  tests  had  indicated  marginal  longitudinal  sta¬ 
bility  characteristics.  The  pilots  found,  however,  that  directional  rather  than 
longitudinal  characteristics  were  the  major  area  of  concern  with  the  stability  aug¬ 
mentation  off.  The  directional  mode  perturbations  tended  to  mask  the  low  longitu¬ 
dinal  static  margins  during  the  aft  eg  landings.  Further,  the  pilots  noted  very 
little  difference  in  the  aircraft  approach  and  landing  characteristics  with  all 
stability  augmentation  on  and  with  only  the  pitch  augmentation  off.  The  point  here 
is  that  evaluation  personnel  arrived  at  two  different  recommendations  relative  to 
improvements  in  longitudinal  stability  and  these  recommendations  were  meaningful  only 
because  of  the  insight  provided  by  performing  mission-oriented  tasks.  In  addition, 
the  mission-oriented  tasks  had  been  preceded  by  compehensive  stability  tests  using 
the  traditional  approach.  In  retrospect,  it  would  have  been  better  to  accomplish  the 
mission-oriented  tasks  early  in  the  test  cycle  to  better  identify  problem  areas. 

The  AFFTC  has  initiated  a  program  to  develop  and  refine  test  techniques  which 
will  provide  a  rapid  means  for  evaluating  handling  characteristics  as  they  effect 
precise  maneuvering  reauirements  in  accomplishing  the  primary  mission.  The  program 
should  develop  evaluation  procedures  to  quickly  isolate  those  portions  of  the  flight 
regime  where  the  airplane  is  deficient.  A  detailed  investigation  of  the  causative 
factors  can  then  be  made  using  more  conventional  flight  test  techniques.  This  is 
in  contrast  to  past  programs  where  we  have  tested  throughout  the  flight  envelope  at 
a  number  of  altitudes  and  speeds,  comparing  flying  qualities  with  specification 
design  criteria.  When  the  criteria  were  not  mot,  we  were  frequently  unsure  of  the 
real  need  for  improvement. 
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The  design  trend,  over  the  past  15  years  for  high  performance  aircraft,  has  been 
toward  a  steady  increase  in  the  relative  contribution  of  the  augmentation  system  in 
meeting  flying  qualities  requirements.  The  trend  has  been  made  possible  by  major 
advances  in  flight  control  system  technology.  The  trend  has  been  made  necessary  by 
an  ever-increasing  flight  envelope. 


§ 


In  the  past  several  years,  this  evolutionary  process  in  flight  control  system  !  | 
design  has  progressed  to  control  augmentation  systems,  where  aircraft  response,  rather  !  & 
than  control  surface  position  is  commanded.  With  this  tvoe  of  augm_:  „ation  system  it  ’  ft 
is  possible  to  achieve  certain  "optimized"  uniform  flying  qualities  through  a  wide  Mach  j 
number,  angle  of  attack  and  airplane  eg  range.  In  so  doing,  the  inherent  aerodynamic  ^ 
response  characteristics  are  masked  to  a  high  degree.  5 


The  ability  to  suppress  or  mask  the  basic  aerodynamic  characteristics  has  some 
disadvantages  as  well  as  advantages.  On  the  positive  side,  it  is  possible  to  mask 
undesirable  aerodynamic  characteristics.  These  systems  have  provided  some  rather 
spectacular  improvements  in  flying  qualities  when  incorporated  on  airplanes  which  had 
previously  been  equipped  with  more  conventional  stability  augmentation  systems.  As  an 
example,  on  one  airplane,  transonic  "dig-in"  tendencies  were  essentially  eliminated, 
by  suppressing  the  basic  aerodynamic  characteristics  which  are,  of  course,  changing 
markedly  with  Mach  number  in  the  transonic  speed  range.  The  net  result  was  that  it 
was  possible  for  the  pilot  to  maintain  precise  control  of  the  airplane  in  a  high  g 
decelerating  turn.  With  the  production  configuration  it  would  not  have  been  possible 
to  perform  a  precise  tracking  task  in  the  transgnic  region.  Kith  the  control  augmen¬ 
tation  system,  it  was  possible  to  provide  maneuvering  stick  force  gradients,  which  were 
highly  linear  and  which  did  not  vary  significantly  with  Mach  number  or  angle  of  attack, 

A  control  augmentation  system  can  also  stabilize  the  longitudinal  and  lateral- 
directional  oscillations  normally  associated  with  high  angle  of  attack  flight  making 
it  possible  to  effectively  use  a  larger  angle  of  attack  range.  From  an  operational 
viewpoint,  this  is  a  desirable  feature  for  maximum  conbat  maneuvering  effectiveness 
and  precision  air-to-air  and  air-to-ground  weapons  deliver'/. 
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There  are  disadvantages  associated  with  the  ability  to  mask  certain  undesirable  ■} 
aerodynamic  features.  With  a  conventional  system,  the  pilot  usually  has  cues  result-  \ 
ing  from  a  gradual  degradation  in  flying  qualities  with  eg  movement,  or  with  increas-  \ 
ing  angle  of  attack  as  he  approaches  a  stall.  When  flying  qualities  continue  to  be  .5 
good  even  through  the  airplane  is  being  flown  into  an  area  of  degraded  basic  airplane  3 
stability  characteristics,  the  possibility  of  inadvertently  maneuvering  into  a  poten-  .1 
tially  hazardous  area  exists.  In  several  cases  this  has  led  to  inadvertent  flight  at  I 
conditions  well  outside  safe  angle  of  attack  limi-  •  and,  in  another  instance,  \*ell  | 
aft  of  a  safe  eg  limit.  | 


The  ideal  combination  of  these  features,  of  course, is  to  retain  the  excellent  | 

flying  qualities  through  a  large  envelope  but  itt  the  same  time  provide  the  pilot  with  \ 

positive  cues  when  he  approaches  a  limit,  or  insure  that  lie  does  not  inadvertently  1 

exceed  safe  limits.  Since  many  of  the  cues  which  were,  in  the  past,  provided  by  the  1 

basic  aerodynamic  characteristics  of  the  vehicle  have  been  eliminated,  attention  must  ; 

be  given  to  insuring  that  adequate  substitutes  are  provided.  The  high  angle  of  attack 
case  will  be  discussed  separately.  ;; 


As  was  noted  earlier,  many  of  the  stringent  flying  qualities  criteria  have  been  i 

satisfied  in  recent  airplanes  through  augmentation  systems  rather  than  as  a  result  j 

of  basic  airframe  aerodynamic  characteristics.  There  are  a  number  of  people  who  believe 
that  this  is  an  unhealthy  trend.  However,  sorre  of  the  features  considered  to  be  highly  s 

desirable,  e.g.,  curtain  optimized  uni  form  fl\ing  qualities  throughout  a  wide  Mach  1 

number,  angle  of  attack  and  eg  range  arc  very  difficult,  if  not  impossible  to  achieve  j 

aerodynamically  since  aerodynamic  characteristics  do  vary  widely  with  each  of  the  ’ 

aforementioned  parameters.  \ 

1 

In  summary,  with  a  few  exceptions,  die  control  augmentation  systems  currently  in 
being  are  -ovored  by  the  current  flying  qualities  criteria.  The  problem  lies  with  5 

insight  in  application  as  the  criteria  have,  for  the  most  part,  evolved  from  evaluations  J 

of  classic  aerodynamic  characteristics.  J 


HIGH  ANGLE  Or  ATTACK  CPITEPIA 
Loss-of-Control  Prevention 

In  our  design  criteria,  we  legislate  against  departures  and  spin  susceptibility 
with  the  requirement  that  "neither  post-stall  gyrations  nor  spins  shall  bo  readily 
attainable  for  (a  variotv  of  entry  conditions)  except  by  prolonged  gross  misappli  - 
cation  of  controls".  (Reference  1)  How  often  have  these  criteria  been  met  in  recent 
fighter-typo  designs?  Lot's  assume  that  ve  have  an  airplane  which  has  poor  aerodynamic 
stall  warning,  or  die  'warning  is  masked  by  a  high  authority  stability  auamentation 
system,  coupled  with  a  lack  of  departure  anc2  snin  resistance.  What  courses  of  action 
ere  available?  Basically  there  are  two  -  the  designer  can  attempt  to  make  aerodynamic 
refinements  or  he  can  artificially  orovicc  the  necessary  warning  and  loss-of-control 
resistance.  Artificial  stall  ...lrning  devices  are  generally  accepted  today;  however. 
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there  is  still  considerable  resistance  to  the  use  of  snin  resistance  or  loss-of-control 
prevention  devices.  A  loss-of-control  prevention  device  is  the  only  positive  means 
of  eliminating  aircraft  losses  due  to  stalls,  post-stall  gyrations  and  soins  in  high 
performance  fighter-type  aircraft  that  are  not  highly  resistant  to  departure.  There 
are  two  basic  types  of  loss-of-control  prevention  systems;  one  which  activates  the 
control  stick  such  as  a  stick  pusher,  or  one  in  which  control  is  aoelied  througn  the 
stability  augmentation  system  to  the  control  system  itself.  The  choice  of  which  means  to 
employ  depends,  to  a  large  extent,  on  the  tvne  of  stability  augmentation  system  in  the 
airplane.  If  predictive  studies  indicate  that  the  airplane  will  not  oe  departure- 
resistant  the  d jvelopnent  of  a  loss-of-control  prevention  device  should  be  initiated 
early  to  prevent  enstiy  delays  and  hardware  changes  in  case  initial  flight  test  results 
prove  that  the  device  is  necessary. 


There  is  a  real  need  to  meet  the  departure-resistance  criteria  in  a  fighter  type 
aircraft.  Artificial  angle  of  attack  limiting  is  not  an  ideal  solution  but  it  is  much 
better  than  no  solution.  Similarly  it  would  be  preferable  to  be  able  to  provide  ex¬ 
cellent  flying  qualities  throughout  a  wide  flight  envelope  without  having  to  resort 
to  a  high  authority  stability  augmentation  system.  However,  stability  and  control 
augmentation  are  accepted  as  means  of  meeting  the  flying  qualities  criteria  in  our 
specifications,  except  when  it  comes  to  providing  a  high  level  of  departure  resist¬ 
ance.  The  use  of  .•  loss-of-control  prevention  device  is  no  different  in  principle 
than  permitting  '  •  .se  of  stability  augmentation  to  satisfy  other  criteria  which 

would  otherwise  n  bo  met. 
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Artificial  Stall  Warning 
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For  those  cases  in  which  aerodynamic  stall  warning  is  inadequate,  a  suitable 
art.-ficial  stall  warn  -.g  sys'  en  must  be  provided  be  satisfy  the  stall  warning  criteria 
of  iilL-r-8785B.  What  constitutes  adenuate  aerodynamic  warning  is  described  in  detail 
in  the  specification.  Suitable  artificial  devices  are  not  addressed.  It  has  been  our 
experience  that,  for  a  fighter  tvne  airplane,  a  device  which  provides  positive  stall 
warnin  j  without  reference  to  a  cockpit  inst?:ument  is  essential.  Lights  are  une.ccept- 
"Me  f--r  fi  'liter  applications.  Rudder  pedal  shakers  have  oroven  to  be  inadequate  for 
'  -veral  r-as<-ns.  The  shaker  is  often  nasked  by  a  wide  band  of  airframe  buffet,  or 
.  ffet  ’ith  external  stores,  guwf’re  vibrations,  and  the  shaker  requires  that  the 
lot's  feet  'a  c  -mly  on  the  rudder  medals.  Stick  shakers  have  proven  to  be  acceptable 
-  .  .fic!>7  w.»j  ’.evices. 

•ALL/SPIN-  ’  .  ■  ITLRIA 

In  the.  i'X  of  1970,  the  AFFTC  was  tasked  with  nreparing  a  rcnlacement  specifi¬ 
cation  for  HIL-S-25015  (USAF) ,  Spinning  Requirements  for  Airplanes  (reference  3).  The 
previous  specification  was  cor.siderec  to  be  outdated  because  it  did  not  place  enough 
emphasis  on  the  angle  of  attack  ranee  between  maximum  usable  lift  and  the  point  at 
whic  ■  ’  aircraft  enters  a  fully  developed  snin.  In  1970,  a  test  program  was  accom¬ 
plished  by  the  AFFTC  on  an  F-4b.  Luring  this  program,  a  detailed  investigation  of  the 
cost-stall,  nre-fully  developed  snin  region  was  made.  This  test  program,  which  was 
reported  on  i  n  a  previous  AGARD  paper  (reference  4),  provided  much  of  the  experience 
upon  which  the  new  specification,  (reference  5),  was  based. 

Rationale  behind  The  Specification 

The  flight  test  demonstration  maneuvers  required  in  the  new  specification  are  shown 
in  TaBle  I,  taken  from  reference  5.  This  taole  is  a  structured  matrix  o  four  test 
pha  »es ,  designed  in  logical  test  progression  from  initial  stalls  with  imr._diate  recovery 
attempts,  to  stalls  with  agaravated  control  inputs,  and  from  there  to  ageravated  inputs 
with  delays. 

bach  test  phase  includes  both  one  g  and  accelerated  stalls.  Additionally,  stalls 
are  accomplished  both  by  slowly  increasing  angle  of  attack,  and  by  abruptly  increasing 
it.  The  degree  of  the  abruptness  is  increased  commensurate  with  the  phase.  For  fighter- 
type  aircraft  and  certain  types  of  trainers,  stalls  arc  accomplished  from  tactical 
entries;  e.g.,  from  the  typos  of  maneuvers  that  would  be  associated  v»>th  air  combat 
maneuvering  in  an  air  superiority  fighter.  The  degree  of  resistance  to  departures  and 
spins  is  associated  with  the  specification  test  phases  as  is  shown  in  Table  II,  taken 
from  reference  5.  The  table  represents  a  qualitative  definition  of  departure  and  spin 
resistance. 
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Air  Force  .'-'light  Ter-t  Center  personnel  recently  completed  a  test  on  an  aircraft 
equipped  with  an  experimental  control  aunnentation  system  (reference  6).  This  system 
provided  a  dramatic  improvement  in  tracking  capability  wut  the  test  results  in  several 
areas  showed  only  minor  improvements  when  comparisons  were  made  with  MIL-F-8785B.  The 
changes  in  the  specification  parameters  wore  not  indicative  of  the  dramatic  improvement 
in  tracking  capability,  which  has  occurred.  In  fact,  in  several  key  areas  which  would 
appear  to  relate  to  »-rackinq  capability,  the  aircraft  fell  outside  or  on  the  boundaries 
of  the  specified  limits,  i.c.,  stick  force  per  g  gradients  were  low,  short  period 
natural  frequency  was  tot  low  for  the  corresponding  ratio  of  load  factor  to  angle  of 
attack,  (n/n),  and  roll-yaw  coupling  requirements  were  not  net.  A  majority  of  the 
stick  force  pei  g  gradients  were  below  the  MIL-F-8785U  mininum  of  3  pounds  per  g;  however. 


the  gradients  were  highly  linear.  When  evaluated  during  tracking  tasks,  the  low  gradi¬ 
ents  were  not  considered  to  be  objectionable,  on  the  contrary  the  flying  qualities  were 
considered  to  be  excellent. 

In  the  User's  Guide  for  MIL-F-8785B  (reference  7),  it  is  recognized  that  airplanes 
with  certain  type  of  stability  augmentation  systems,  such  as  maneuver  command  systems, 
have  zero  gradients  of  longitudinal  control  force  and  position  with  speed  yet  can  be 
quite  stable  with  respect  to  external  disturbances.  In  evaluating  an  aircraft  equipped 
with  an  augmentation  system  which  functioned  as  an  autotrim  device,  it  was  found  that 
the  absence  of  any  trim  requirements  accompanying  an  airspeed  change  was  a  desirable 
feature,  particularly  for  highly  transient  maneuvers  where  speed  was  changing  rapidly. 
This  eliminated  the  need  for  continuous  trimming  by  the  pilot  and  he  could  concentrate 
on  the  task. 

In  MIL-F-8785B,  the  nonterminal  flight  phases  (other  than  takeoff,  landing,  and 
associated  maneuvers),  are  broken  into  too  categories,  the  Category  A  tasks  that  re¬ 
quire  rapid  maneuvering,  precision  tracking  or  precise  flightpath  control,  and  the 
lass  demanding  Category  B  tasks  that  are  normally  accomplished  using  gradual  maneuvers 
and  without  precision  tracking.  There  are  operational  flight  envelopes  associated 
with  each  Category  and  the  appropriate  flight  phase  task(s)  for  the  airplane.  As  an 
illustration,  for  an  airplane  with  a  ground  attack  mission,  the  stringent  MIE-F-8785B 
requirements  for  flight  phase  Category  A  apply  up  to  limit  load  factor  and  up  to 
medium  altitude.  However,  above  a  medium  altitude  the  requirements  apoiv  over  a  much 
smaller  envelope  in  terms  of  normal  load  factor  (0.5  to  2.0  g's).  For  an  aircraft 
with  a  ground  attack  mission,  th.o  caw,  depending  upon  interpretation,  result  in  very 
few  requirements  above  an  altitude  of  roughly  20,000  feet  and  at  load  factors  greater 
than  2.0.  This  has  already  been  found  to  be  a  potential  problem  erea  in  applying  the 
specification. 

In  summary,  except  in  .be  lirited  areas  previously  mentioned,  we  have  not  yet  evalu¬ 
ated  an  airplane  against  the  --itcria  in  the  new  flying  qualities  specification  (refer¬ 
ence  1),  but  will  do  so  in  thv  near  future  when  we  begin  our  evaluations  of  the  F-15, 

A-9,  A-10,  and  B-1A.  In  another  too  to  three  years,  ve  will  be  in  a  better  position 
to  judge  the  adequacy  of  these  criteria. 
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TABLE  I 


FLIGHT  TEST  DEMONSTRATION  MANEUVERS 


TEST 

PHASE 

MANEUVER  REQUIREMENTS 

CONTROL  APPLICATION 

STALL/DEPARTURE  ENTRY  CONDITIONS 

A 

Stalls 

Pitch  control  applied  to  achieve 
the  specified  AOA  rate,  roll  and 
yaw  controls  neutral  or  small 
lateral-directional  control  inputs 
as  normally  required  for  the 
maneuver  task. 

Recovery  initiated  after  the 
pilot  has  a  positive  indication 
of: 

a.  A  definite  g-break  or 

b.  a  rapid,  uncommanded 
angular  motion,  or 

c.  the  aft  stick  stop  has  been 
reached  and  AOA  is  not 
increasing 

d.  sustained  intolerable  buffet 

1)  Slow  AOA  Rate 

Abrupt  AOA  Rate 
(normal  and  accelerated 
stalls) 

2)  Tactical  (aircraft  attitude 
the  AOA  rate  appropriate  to 
the  simulation) 

B 

Stalls  with 
Aggravated 
Control  Inputs 

Pitch  control  applied  to  achieve 
the  specified  AOA  rate,  roll  and 
yaw  controls  as  required  for  the 
maneuver  task.  When  condition  a, 
b,  or  c  from  above  has  been  attained, 
controls  briefly  misapplied,  inten¬ 
tionally  or  in  simulated  response  to 
unscheduled  aircraft  motions,  before 
recovery  attempt  is  initiated. 

c 

Stalls  With 
Aggravated  and 
Sustained 
Control  Inputs 

Pitch  control  applied  to  achieve  the 
specified  AOA  rate,  roll  and  yaw 
controls  as  required  for  the  maneuver 
task.  When  condition  a,  b,  or  c 
has  been  attained,  controls  are 
misapplied,  intentionally  or  in 
simulated  response  to  unscheduled 
aircraft  motions,  and  held  for  sev¬ 
eral  seconds  before  recovery  attempt 
is  initiated. 

D 

Spin  Attempts 

Pitch,  roll  and  yaw  controls  applied 
as  required  for  the  maneuver  task. 
When  condition  a,  b,  or  c  has  been 
attained,  controls  applied  in  the 
most  critical  positions  to  attain 
the  expected  spin  modes  of  the  air¬ 
craft,  and  held  for  an  extended 
time  before  recovery  attempt  is 
initiated.  (This  Phase  required 
only  for  training  aircraft  which  may 
be  intentionally  spun  and  for  air¬ 
craft  in  which  sufficient  departures 
or  spins  did  not  result  in  Test 

Phases  A,  B,  or  c.) 

1)  Abrupt  AOA  Rate 

2)  Tactical 

TABLE  II 


OPEN  DISCUSSION 


M.D.  White,  NASA  Ames,  USA 

In  connection  with  the  talk  of  stall  entry  control  application,  is  there  any  indication  from 
evaluating  pilots  as  to  whether  the  appropriate  cut-off  level  for  control  application  may  be  set  below 
the  most  aggravated  case  as  a  function  of  airplane  mission,  operational  experience,  etc? 

C.E.  Adolph,  AFFTC,  USA 

It  is  our  opinion  that  for  fighter  aircraft  you  want  to  go  to  full  pro-spin  controls.  This  may 
not  be  true  for  cargo  aircraft  but  it  is  true  for  fighter  aircraft,  because  sometime  in  service  some  pilot 
will  get  into  these  conditions  and  you  want  to  be  able  to  tell  him  how  to  recover.  You  must  take  the 
test  in  steps,  not  just  forcing  it  into  a  spin.  There  are  cases  where  during  the  post  stall  gvration  and 
departure,  corrective  measures  could  be  made  to  prevent  the  spin. 

A.G.  Barnes,  BAC,  UK 

Mr.  Adolph  says  that  several  aircraft  were  flown  with  stick  force  per  g  Jess  than  the  8785B  minimum 
of  3  lb/g  and  were  well  liked  by  pilots.  The  military  requirements  of  UK  (AvP  970),  France  (Air  2002c), 
and  Sweden  all  allow  a  minimum  of  approximately  2  lb/g.  The  McDonnell  analysis  of  F-4  data  supports  this, 
and  our  flight  experience  with  Lightning  and  Jaguar  confirm  it. 

Designing  to  a  high  minimum  stick  force  per  g  for  an  aircraft  with  a  large  eg  range  usually  means 
that  very  high  stick  force  per  g  will  appear  at  forward  eg  -  perhaps  12-15  lb/g  at  operational  conditions, 
unless  complexity  is  added  to  the  flight  ccntro)  system. 

Thus  there  is  evidence  for  a  reduction  in  minimum  levels,  and  a  design  penalty  if  it  is  not 
reduced.  Perhaps  I  should  address  Mr.  Westbrook.  What  is  the  mechanism  by  vhich  MIL-8785B  is  changed? 

C.B.  Westbrook,  AFFDL,  USA 

If  the  problem  arises  during  the  development  of  a  particular  system,  then  Mr.  Carlson  of  the 
particular  SPO  would  be  invo.’.vea.  In  setting  up  "he  requirements  we  have  tried  to  include  a  mechanism 
by  which  requirements  can  be  changed.  These  changes  can  be  during  the  design  stage  or  later.  The 
process,  which  requires  coordination  with  other  organizations,  could  be  done  in  three  to  six  months. 

Sqn  Ldr  D.C.  Scouller,  RAF/ETPS,  UK 

You  have  said  that  you  have  found  in  military  aircraft  acceptance  testing  that  while  using  the 
mil  specs  as  the  general  basis,  you  now  find  it  necessary  to  compare  the  aircraft’s  behaviour  against 
its  mission.  This  vividly  illustrates  the  danger  of  checking  an  aircraft  against  mil  specs  as  though 
they  were  a  shopping  list.  1  would  argue  that  you  must  write  your  test  schedules  so  that  the  ability 
of  the  aircraft  to  perform  its  rission  is  the  primary  aim  of  your  investigation. 

You  spoke  of  the  use  of  artificial  methods  of  stall  prevention.  I  would  like  to  stress  that  it 
should  be  impressed  upon  the  design  staff  that  good  natural  stall  behaviour  is  the  best  solution  and 
that  artificial  methods  should  be  a  fallback  solution. 

While  endorsing  your  new  approach  to  stall/post  stall/spin  investigate  I  could  not  see  the 
purpose  of  classifying  spin  resistance  in  tabular  form.  I  think  a  verbal  description,  e.g.,  "prone  to 
spin"  is  better. 

C.E.  Adolph,  USAF,  USA 

The  table  is  nothing  very  profound  it  is  just  an  attempt  on  our  part  to  qualitative  come  up 
with  a  set  c.f  vocabulary  which  is  consistent. 

With  regard  to  your  second  question,  1  agree  with  you  one  hundred  percent. 

On  your  first  point,  I  agree,  but  the  Air  Force  test  agenev  or  contractor  must  determine  whether 
the  contractor  has  met  the  design  criteria.  This  is  a  [powerful  merlanirm  .‘rr  getting  changes  made  to  the 
vehicle  to  meet  criteria. 

A.L.  Byrnes,  Lockheed,  USA 

I'd  like  to  offer  a  partial  reply  to  Mr.  Barnes  question  on  how  specification  deviations  are 
negotiated.  In  U.S.  military  contracts,  spec! fi ration  amendments  are  negotiated  along  with  the  contract. 
The  agreed  cr.  deviations  become  part  of  the  contractual  document.  The  contractor  is  then  financially 
liable  for  any  requirements  not  met. 

Comment  on  Mr.  Adolph’s  paper.  As  an  aerodynamicist  responsible  for  aircraft  design,  I  am  very 
much  concerned  over  the  practice  of  defining  a  rcqu.tcd  angle  of  uutauK  range  «s  done  in  Reference  5 
of  your  paper,  rather  than  specifying  the  desired  maneuver  capability.  I’d  also  like  to  point  out  that 
for  many  years  now  we  have  relied  on  a  very  excellent  stall  and  spin  prevention  device,  the  pilot, 
who,  with  proper  training,  iias  done  an  excellent  job.  It  Is  hard  to  follow  the  logic  of  ruling  out  the 
rudder  pedal  shaker  as  an  Ineffective  stall  warning  device  because  the  natural  airframe  buffet  is  so 
heavy  it  masks  the  shaker.  It  seems  to  me  we  should  seriously  question  the  cost  effectiveness  of 
encouraging  fighter  pilots  to  use  tactics  which  result  in  loss  of  aircraft  from  deliberately  exceeding 
the  airplane  design  envelope  and  then  attempting  to  correct  the  "problem  airplane". 


■  1 


R.J.  Woodcock,  AFFBL,  "SA 

We  have  had  cases  of  fighter  aircraft  which  start  buffeting  at  a  comparatively  low  angle  of  attack, 
with  maneuver  capability  remaining  at  higher  angles  of  attack.  Pilots  will  use  this  higher  angle  of  attack 
in  air-to-air  combat,  although  they  then  have  no  good  cue  to  the  angle  of  attack  margin  remaining  before 
loss  of  control. 

In  the  USAF  we  write  the  handling  qualities  requirements  into  each  contract,  paragraph  by 
paragraph,  rather  than  merely  calling  out  8785B.  This  practice  promotes  a  thorough  review  for  each  specific 
case,  a’so  affording  an  opportunity  to  incorporate  later  results. 

We  hope  that  there  is  some  relation  between  the  design  fly ; ng  qualities  requirements  and 
operational  use.  We  value  very  highly  flight  test  comments  on  the  relevance  or  irrelevance  of  the  8785 
requirements.  Realizing  the  need  for  a  closer  tie  between  design  requirements  and  operational  needs, 
we  are  continuing  research.  Ron  Anderson  will  discuss  tomorrow  one  form  this  work  is  taking. 
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SIMULATION  AND  ANALYSIS  IN  ESTABLISHING  FLYING  QUALITIES  CRITERIA 


J.T.  Gallagher 

Manager,  Vehicle  Dynamics  and 
Control  Research 
Northrop  Aircraft  Division 
3901  West  Broadway 
Hawthorne,  Calif.  90250,  USA 


INTRODUCTION  AND  SUMMARY 


This  paper  illustrates  the  application  of  simulation  and  analysis  in  establishing  flying  qualities  criteria  of 
pilotcu  airplanes.  The  discussion  draws  on  published  work  which  has  been  used  to  create  the  existing  military 
specification  MIL-F-8785B  (ASG),  ana  other  published  information  on  in-progress  work  to  improve  the  subject 
specification  in  certain  areas.  It  is  presumed  in  the  discussion  that  the  reader  has  access  to  Specification,  Mi'L-F- 
8785B(ASG)  and  to  the  Background  Information  and  User's  Guide  for  M'L-F-8785B(ASG). 

Two  areas  are  identified  where  better  criteria  are  needed  in  the  specification;  the  effects  of  turbulence  and  the 
impact  of  control  system  dynamics  on  flying  qualities.  A  detailed  discussion  is  presented  on  a  program  in  which 
ground-based  simulation  and  pilot-in-the-loop  analysis  are  employed  in  an  attempt  to  better  define  the  impact  of 
turbulence  on  flying  qualities.  A  similar  discussion  is  presented  of  a  program  in  which  inflight  simulation  and  pilot- 
in-the-loop  analysis  are  employed  to  determine  a  method  of  specifying  total  system  requirements  rather  than  control 
system  and  airplane  modal  characteristic  requirements. 

Attention  is  drawn  briefly  to  some  of  the  shortcomings  of  ground-based,  and  inflight  simulation.  The  possi¬ 
bilities  are  discussed  of  overcoming  these  shortcomings  using  more  advanced  systems  such  as  'he  Northrop  Large 
Amplitude  Flight  Simulator  with  a  wide-angle  visual  display  (LAFS/WAVS),  the  URA'F  Totai  Inflight  Simulator,  and 
the  proposed  USAF  Fighter,  Inflight  Simulator. 

LIST  OF  SYMBOLS 


s  —  Laplace  Operator 
Z  -  Normal  Force 
M  -  Pitching  Moment 
V  -  Velocity 
w  —  Vertical  Velocity 
Mrv  -  dM/dvv 
—  dM/dw 
Mq  -  dM/dq 
q  —  Pitch  Rate 

4  -  Control  Surface  Displacement 

e 

4n  —  Incremental  Load  Factor 
U  -  Short  Period  Natural  Frequency 


a  —  Angle  of  Attack 


F  —  Stick  Force 
s 

-  dZ/dw 

Z^  -  dZ/dw 

Za  -  dZ/d4c 
e 

n,  -  Limit  Load  Factor 


(  -  Damping  Ratio 


-  Bat*  Angle  to  Sideslip  Ratio 


K  -  A  Constant 


t>  -  Bank  Angle 
£  -  Sideslip  Angle 

N/  —  Primed  Yaw  Rate  Due  to  Roll  Rate  Derivative 
P 

Nj  -  Primed  Yaw  Rate  Due  to  Aileron  Deflection 
*A 

ADI  -  Attitude  Display  Indicator 
$  -  Pitch  Angle 
r  -  Yaw  Rate 
p  -  Roll  Rate 
<!>  -  Heading  Angle 

—  Incremental  Side  Gust 

Y^  -  Pilot  Describing  Funo'icn 
—  Pilot  Gain  in  Roll  Clcsure 
K  —  Pilot  Gain  in  Pitch  Rate  Closure 

q 

uBW  -  Bandwidth 

_  —  Lateral  acceleration  at  the  pilot  station 

Y 

P 

Other  symbols  arc  defined  where  used. 


SIMULATION  AND  ANALYSIS  IN  ESTABLISHING  CRITERIA 


A  review  of  the  section  of  Military  Specification  M1I.-F-S7S5  (ASG),  entitled  "Flying  Qualities  of  Piloted 


Airplanes' 


relating  to  the  longitudinal  maneuvering  requirements  and  some  of  the  material  from  the  Background 


*-* (inw  v 


9-2 


and  User's  Guide  for  MIL-F-8785B  (ASG)^  \  will  serve  to  illustrate  the  role  played  by  various  forms  of  simulation 
and  analysis  in  establishing  criteria.  Let  us  consider  first  the  requirement  on  short  period  frequency  and  accelera¬ 
tion  sensitivity  (Section  3.2.2.1.1  of  the  Specification).  The  short-period  undamped  natural  frequency  u  must  be 

sp 

within  the  limits  shown  in  Figures  1,  2  and  3  of  the  Specification.  If  suitable  means  of  directly  controlling  normal 
force  are  provided,  the  lower  bounds  on  u  and  n/o  of  Figure  3  may  be  relaxed  if  approved  by  the  procuring  activity. 

nsp 

The  Category  3  flight  phase  requirement  of  Figure  3  of  the  Specification  is  shown  in  Figure  1  of  this  paper,  and 
can  be  used  to  illustrate  how  a  combination  of  analysis  and  simulation  was  employed  in  generating  the  requirement. 


FIGURE  1.  SHORT-PERIOD  FREQUENCY  REQUIREMENTS  (FROM  REFERENCE  1)  | 

3 

In  formulating  the  criteria  in  the  manner  of  Figure  1,  it  "»s  argued'  ’  that  a  pilot  during  in-flight  simulation  tests  E 

had  encountered  conflicting  roquiicmcnts,  both  at  the  lo  .r  and  higher  values  of  short  -period  natural  frequency  wrier. 
selecting  the  best  compromise  between  stick  sensitivity  (M^.g),  and  steady -state  stick-force  gradients  (Fg/n).  A  ; 

s;*" pie  amlyris  car  be  used  to  illustrate  the  problem.  5 

Consider  the  at»;,ude  response  to  longitudinal  controls  of  an  airplane  flying  at  constant  speed.  The  equations  jj 

/n^  *  | 

describing  the  motion  can  be  •  written  | 

(s-Z  )  w  -  Vq  —  Z  g  ; 

"  e  ; 

-(M.  s  +  M  )w  +  (S'M  tq*  M .  a 

v  w  w  <t  *e  l 


The  solution  of  these  equations  for  the  steady-state  response  to  control  inputs  will  yield 


an  _  Vq  _  V 
ac  =  84e  =  8 


Ao 


M  -  M,  7. 
w  ' 


i 


\ 

\ 


5* 

* 

% 


L*mi att 


<-r- 


RAD/SEC 
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(“)<*:>  b7‘-f  ^eMw-Miev 


These  algebraic  equations  can  be  manipulated  to  get 


dn  Mps  Wo) 


where  M__  =  M.  4  /F.„  or  the  initial  pitch  acceleration  per  pound  of  stick  force. 

r  o  0^  C  d 


Written  differently, 


—= —  xM™  =  — 4^- 
n  FS  n/o 


We  can  see  that  a  lower  and  upper  bound  can  be  established  for  the  parameter  u"  /n/a  by  arguing  that  values 

nsp 

of  the  parameter  could  be  found  where  a  satisfactory  compromise  between  sensitivity  and  steady-state  forces  might 

(21 

not  l>e  possible.  This  possibility  has  been  demonstrated  during  inflight  simulator  tests  by  Cornell. v  '  The  pilots 
compromised  in  the  selection  of  elevator-to-stick-force  gearing  on  the  basis  of  sensitivity  and  accepted  light  stick 
forces  during  steady-state  maneuvers,  but  rated  the  configuration  unacceptable.  At  the  other  extreme,  in  the  same 
tests  the  pilots  who  compromised  on  steady-state  forces  by  selectinj,  low  sensitivity  to  avoid  abrupt  response  and 
by  accepting  high  steady  forces  were  obliged  to  rate  the  configuration  unacceptable.  Acknowledging  the  validity  of 
the  above  argument  and  using  data  similar  to  that  shown  on  Figure  2  from  inflight  simulation  tests,  the  requirement 

on  natural  frequency  as  a  function  of  n/a  has  been  written^  in  a  manner  to  bound  Lhe  parameter  u"  /  as  shown  on 
Figure  1  of  this  paper.  nsp 

Thus  we  have  seen  how  inflight  simulation  data  and  simple  analysis  have  been  employed  to  establish  part  of  the 
criteria  of  Section  3.2.2. 1.1  of  the  Specification. 

We  see  also  on  Figure  1  that  there  are  lower  bounds  on  u  and  n/o  .  Reference  3  indicates  that  piiot-in-the- 

sp 

loop  analysis  has  established  that  there  are,  in  fact,  lower  limits  on 

1.  u  ,  for  tasks  requiring  precise  control  of  pitch  attitude. 

nsp 

2.  c>n  ,  n/o  for  tasks  requiring  precise  control  of  pitch  attitude  and  flight  path. 

sp 

In  the  first  case,  to  maintain  constant  performance  the  pilot  must  supply  phase  lead  as  o  decreases;  this 

"sp 

results  eventually  in  degraded  pilot  rating.  In  the  second  case,  the  same  argument  holds  for  u  ;  and,  further,  as 

,  .  "sp 
n/o  aecrcases,  more  angle  of  attack  change  is  required  to  control  flight  path,  and  the  pilot  ends  up  needing  to  over¬ 
drive  the  pitch  attitude  of  the  airplane,  with  resulting  degradation  of  pilot  rating.  Closed-loop  analysis  had  been  used 
to  formulate  a  rationale  for  lower  bounding  u  and  n/o  ,  but  before  it  could  be  used  to  define  criteria  some  validation 

sp 

was  provided  by  moving-base  simulation  using  the  Grumman  ground-based  simulator.  The  experiments  were  con¬ 
ducted  for  Class  I  and  IV  airplanes  during  carrier  approaches,  and  Figure  3  shows  how  the  data  were  used  to  validate 
the  lower  bounding  of  u  and  n/o . 

sp 

This  demonstrates  the  use  of  the  pilot -tn-the-loop  analysis  techniques  and  ground-based  simulation  in  formulat¬ 
ing  criteria. 


Another  criterion  pertaining  to  shori-pei  iod  response  is  the  "shoi  t  period  damping  requirement"  of  Paragraph 
3.2.2. 1.2,  which  states  that  the  short -period  damping  ratio  shall  be  within  the  limits  of  Taolc  IV.  Table  IV  is  repro¬ 
duced  here  as  Figure  4.  This  criterion  was  based  on  extensive  inflight,  simulator  data  similar  to  the  data  of  Figure  2. 
It  is  interesting  for  this  discussion  in  that  engineering  judgment  rather  than  analysis  was  used  in  determining  upper 
and  lower  limits  on  damping  ratio.  Further,  arbitrary  increments  were  added  to  account  for  turbulence.  It  is  sig¬ 
nificant  that  validation  of  this  criterion,  discussed  later,  infers  that  the  criterion  leaves  something  to  be  desired,  ar.d 
suggests  the  need  for  testing  to  better  define  the  effects  of  turbulence  on  acceptable  damping  ratio. 

Consider  the  requirements  on  "Control  Forces  in  Maneuvering  Fligfit, Paragraph  3.2.2.2.1,  which  specifics 
that  at  constant  speed  in  steady-turning  flight,  pull-ups,  and  push-overs,  the  variations  in  elevator-control  force  with 
steady-state  normal  acceleration  must  be  approximately  linear.  In  general,  a  departure  from  linearity  is  considered 
excessive  which  results  in  local  gradients  that  differ  from  the  average  gradient  for  the  maneuver  by  more  than  50  per¬ 
cent.  All  local  force  gradients  must  be  within  the  limits  or  Table  V  (reproduced  here  as  Figure  5),  etc. 

This  criterion  is  formulated  from  data  from  both  ground-based  and  inflight  simulator  tests;  while  no  mathemati¬ 
cal  analysis  is  involved,  a  sound  engineering  rationale  is  applied.  It  is  argued  that  a  pilot  tends  to  select  a  constant 
value  of  stick  force  per  g,  (F _/n),  at  high  values  of  the  load  factor  parar.ctcr  (n/o),  but  constant -stick-force  angle- 

*  rti 

of-attack  gradients,  (Fg/o),  at  low  values  of  the  load  factor  parameter  in  (n/o).  It  is  suggested1' '  that  this  is  due  to 

the  pilot's  concern  shifting  from  structural  integrity  at  high  n/o  to  pitch  attitude  control  at  low  n/o.  On  tho  basis  of 

these  concerns,  the  limits  on  F  /n  were  expressed  in  lhe  form  -t—  at  low  n/o ,  and  at  high  values. 

s  n/o  ***1,  * 
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LEVEL 

CAT  A  &  C  FL  'HT  PHASES 

CAT  B  FLIGHT  PHASE 

_ 

MIN 

MAX 

MIN 

MAX 

1 

0.35 

1.30 

0.30 

2.0 

2 

0.2S 

2.00 

0.20 

2.0 

3 

0.15 

0.15 

FIGURE  4.  SHORT-PERIOD  DAMPING  RATIO  LIMITS  (FROM  REFERENCE  1) 


When  ground-based  simulator  data  and  inflight  simulator  data  wove  reviewed,  it  was  observed  that  the  values 
21  56 

- — — j  and  - — — ^  from  the  MIL-F-8785  bounded  the  Level  1  data  i»ints  at  the  higher  n/o,  thereby  suggesting  tlieir 

use  as  criteria  (Figure  5).  At  the  low  values  of  the  load  factor  parameter,  the  pilot  rating  data  and  comments  sug¬ 
gest'd  Fs/n  =  would  serve  well  as  the  Level  1  upper  boundary  (Figure  5).  Because  of  the  limited  amount  of  low 
load  factor  paramcir  r  data,  the  lower  limits  of  F  /n  were  made  constant  for  all  values  of  the  parameter  n/o .  It  was 
also  agreed  that  an  upper  bound  probably  existed  for  Fg/n  at  very  low  n/o;  thus  a  fixed  value  of  Fg/n  as  a  function  of 
n.  was  established  at  values  of  n/o  less  than  the  lowest  value  used  in  the  simulator  tests  which  was  approximately  an 

n/o  of  8  g’s  per  radian.  The  following  section  on  validation  of  this  criterion,  using  flight  test  data  obtained  during 
the  development  and  certification  of  the  F— I  ami  F-5/T-38,  will  demonstrate  in  a  general  sense  the  soundness  of  the 
above  method  of  using  simulator  data  and  engineering  judgment  in  establishing  criteria. 


CENTER  STICK  CONTROLLERS 

LEVEL 

MAX  GRADIENT 

MAX 

MIN  GRADIENT 
{FS/n,MIN 

i 

240 

n/o 

BUT  NO  MORE  THAN  28.0 

NOR  LESS  THAN  So/n,^* 

THE  HIGHER  OF 

21 

"L-1 

AND  3.0 

2 

360 
n /a 

BUT  NO  MORE  THAN  42.5 

NOR  LESS  THAN  85/n^* 

THE  HIGHER  OF 

18 

nL-1 

AND  3.0 

3 

56.0 

3.0 

*FOR  nL<  3.  (Fs/n)MAX  IS  28  FOR  LEVEL  1. 42.5  FOR  LEVEL  2. 

FIGURE  5.  ELEVATOR  MANEUVERING  FORCE  GRADIENT  LIMITS  (FROM  REFERENCE  1) 


FLIGHT  TEST  ANALYSIS  IN  ESTABLISHING  CRITERIA 


.  .  .  A!1  imPortan‘  analysis  process  In  Improving  Military  Specification  MIL-F-8785B  (ASG)  Is  the  application 
of  data  taken  during  tho  development  of  alrplanos,  and  certification  of  the  alrplonos  to  MlT^F-8785  (ASG).  Such  an 
rfof,.^c"  1,10  rc8CarcAlng  of  past  records,  tho  conversion  of  pilot  ratings  from  ono  sonic  to  anothor,  tho 
.  na  ysls  of  pilot  comments,  and  the  redefining  of  tho  airplanes  Dying  qualities  In  the  parameter  format  of  the  new 

military  specification. 


Su  h  an  activity  has  been  undertaken  by  McDonnell  Douglas  Aircraft  using  F4  flight  test  data®  and  by  tho 

Airci  a U  Division  of  Northrop  Corporation  using  F-5/T-38  flight  test  data. (4)  Both  of  these  activities  are  being  funded 
under  contract  by  the  Control  Criteria  Branch  of  uFFDL. 

Figure  0  shows  a  comparison  of  Northrop  T-38  data  with  tho  ahort-porlod  froquonoy  and  tho  accoloratlon  sonsl- 
tivlty  criterion  discussed  in  the  preceding  section.  While  thoro  arc  no  pilot  ratings  available,  tho  alrplano  doos  moot 
the  Level  1  and  Level  2  requirements  and  has  favorable  handling  qualities  In  the  flight  conditions  shown.  This  tends 
to  confirm  the  soundness  of  the  method  of  applying  simple  and  pllot-ln -the -loop  analyses  to  data  taken  from  ground- 
based  and  Inflight  simulators. 


FIGURE  6.  COMPARISON  OF  FLIGHT  DATA  WITH  REQUIREMENTS  (FROM  REFERENCE  4) 


The  damping  requirement  does  not  faro  so  well  In  tho  validation  process.  The  T-38  data  on  Figure  7  show  that 
the  airplane  does  not  moot  tho  requirements  of  Paragraph  3.2.2. 1,2(  yot  tho  dynamic  characteristics  havo  boon  woll 

received  by  pilots  In  evaluations.  A  similar  conclusion  was  arrived  at  by  McDonnell  Douglas®  when  the  F-4  was 
shown  to  havo  lower  damping  ratios  than  required  by  the  specification  under  conditions  where  its  Dying  qualities  were 
acceptable. 

The  "control  forces  In  maneuvering  flight"  requirement  of  3.2.2 .2.1  at  Levels  1  and  2  aro  reasonably  validated  by 
the  F— t  data  of  Figure  H,  although  little  trend  of  Fg/n  variation  with  n/o  is  apparent  In  the  data.  F-5/T-38  data  In 

Hol'crcncc  4  better  confirm  tho  soundness  of  the  criteria  for  Fg/n  as  a  function  of  n/o  .  U  scorns  ronsonablo  to  nssumo, 

considering  the  amount  of  data  from  Inflight  and  ground-based  simulators  used  in  formutattng  the  requirement,  that 
the  F-l  and  F-5/T-38  dat  a  should  be  consistent  with  the  requirements,  which  they  a-e. 

The  portion  of  the  requirement  stating  that  the  local  stick  force  gradient  shall  not  differ  by  more  than  50  percent 
of  the  average  gradient  during  the  maneuver  is  questionable.  In  the  case  of  the  T-38/F-S,  the  control  system  has  non¬ 
linear  gearing  and  foi  ;o-to-stIck  deflection  characteristics  required  to  yield  satisfactory  flying  qualities  as  well  as  to 
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ALTITUDE 

o 

CRUISE 

10,000  FT 

Q 
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FIGURE  7.  COMPARISON  OF  FLIGHT  DATA  WITH  DAMPING  REQUIREMENTS  {FROM  REFERENCE  4) 


FIGURE  8.  COMPARISON  OF  F-4  DATA  WITH  REQUIREMENTS 
(FROM  REFERENCE  5) 
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provide  PIO  protection.  The  basic  system  under  static  ground  conditions  has  a  ratio  of  maximum  to  minimum  force- 
to-tall  relationships  which  exceeds  2.0,  and  therefore  even  with  linear  aerodynamics  the  ratio  of  force  gradients 
would  be  greater  than  2.0  for  all  conditions  of  flight.  Notwithstanding  tills,  the  aircraft's  flying  qualities  in  this  regard 
are  acceptable. 

In  the  process  of  establishing  and  validating  criteria,  the  interaction  of  the  control  system  characteristics  with 
the  airplane  short-period  modal  characteristics,  and  also  the  effect  of  turbulence  on  flying  qualities,  are  identified  as 

requiring  better  specification.  For  example,  in  Section  2.2.2.1,  ^  in  justifying  the  use  of  conventional-short  period 
modal  parameters  as  criteria,  the  following  argument  is  made:  'The  control  system  specification  of  Section  3.5.3 
will  normally  require  the  natural  frequencies  of  the  control  system  to  bo  appreciably  higher  than  the  short-period 
natural  frequency.  The  result  will  be  no  interaction  between  the  control  system  dynamics  and  the  airplane  short- 
period  mode. "  It  is  unlikeiv  that  this  observation  will  be  true  as  the  Control-Configured  Filters  with  the  control- 

(31 

augmented  flight  control  systems  come  into  being.  The  Control  Criteria  Branch,  acknowledging'  ’  that  what  are 
desirable  are  criteria  which  are  based  on  the  response  of  the  total  system  and  independent  of  identifying  certain  modes 

(7) 

of  motion,  has  been  funding  inflight  simulator  tests  and  analyses  at  the  Cornell  Aero  Labs  to  develop  such  criteria. 

The  short-period  damping  ratio  requirement,  Section  3.2.2.1.1  of  the  military  specification,  is  typical  of  the 
manner  in  which  turbulence  effects  are  handled.  Substantial  volumes  of  flight  test  data  were  reviewed  and  upper  and 
lower  limits  were  chosen  for  the  damping  ratio.  Although  some  of  the  data  had  been  collected  in  turbulence,  when  the 
specification  levels  were  established,  an  incremental  damping  ratio  was  applied  to  the  data  to  cover  turbulence  effects. 
The  result  of  this  is  a  specification  of  damping  ratio  which  is  overly  stringent.  In  an  attempt  to  letter  quantify  turbu¬ 
lence  criteria,  the  Control  Criteria  Branch  at  AFFDLhas  been  funding  ground-based  simulator  tests  and  analyses  at 
Northrop. 

The  ground-based  simulator  tests  and  analyses  of  Reference  G  will  be  discussed  to  show  how  pilot-in-the-loop 
analyses  and  ground-based  simulation  can  contribute  to  establishing  more  quantitative  criteria  for  turbulence  effects 
on  flying  qualities  or  to  validate  existing  criteria.  The  inflight  simulator  tests  and  analyses  of  Reference  7  will  be 
discussed  to  demonstrate  the  contribution  of  inflight  simulation  and  analysis  to  the  definition  of  criteria  relating  to 
flight  control  systems  and  their  impact  on  flying  qualities. 

GROUND  BASED  SIMULATION  AND  ANALYSIS 


Unpublished  work  conducted  by  Mchas  at  Northrop,  and  reported  briefly,  has  demonstrated  that  ground-based 
simulation  of  the  lateral-directional  motiens  of  Class  IV  airplanes  in  the  Northrop  Large  Amplitude  Fl.ght  Simulator 
is  comparable  with  inflight  simulation.  This  has  provided  Northrop  with  a  powerful  tool  with  which  to  s*udy  the  effects 

of  turbulence  on  the  lateral-directional  handling  qualities  of  Class  IV  airplanes.  To  complement  this,  Onstott^ 
cleverly  combined  the  techniques  of  multiloop  analysis  and  pilot  modeling  with  work  by  AFFDL  personnel  on  statistical 
analysis,  then  developed  a  method  of  predicting  pilot-airplane  dynamic  response  to  turbulence.  The  method  could  also 
be  used  in  estimating  the  dynamic  performance  of  the  pilot-airplane  system  in  compensatory  tracking  situations. 
Onstott's  work  was  sufficiently  general  so  that  it  could  be  applied  to  the  longitudinal  and  lateral  directional  degrees  of 
freedom,  as  he  is  currently  extending  the  lateral-directional  work  of  Reference  G  to  the  longitudinal  case. 

The  Northrop  Large  Amplitude  Flight  Simulator  (Figure  9),  described  in  Reference  9,  was  used  in  the  research 
to  validate  the  performance  prediction  technique  and  to  provide  pilot  ratings  on  the  flying  qualities  of  the  airplanes 
simulated.  An  automated  version  of  the  prediction  technique  capable  of  analysing  the  system  typified  by  Figure  10  was 
developed  and  used  in  the  research. 


The  airplanes  used  in  the  simulator  and  analysis  were  a  selection  of  the  airplanes  used  in  the  inflight  simulation 
tests  of  Reference  8,  plus  the  Northrop  F-5.  The  airplanes  characteristically  had  good  dutch  roll  frequency  and  damp¬ 
ing,  and  a  neutrally  stable  spiral  mode.  The  \$/0\j  ratio,  roll  subsidence  time  constant  T^,  N’j,,  and  N’i^/L^ 
ratio  were  varied  in  l*  a  simulator  expo -iment. 

The  pilot  pcrfo-mance  in  four  tasks  was  evaluated  during  the  simulation  as  follows: 

Task  1,  maintaining  zero  bank  angle  in  the  presence  of  turbulence.  Side  gusts  were  introduced  to  the  airplane  model, 
and  the  bank  angle  error  was  displayed  on  the  vertical  command  bar  of  the  ADI.  The  pilot's  task  was  to  mini¬ 
mize  the  bank  angle  error  without  the  application  of  rudder. 

Task  2,  compensatory  tracking  of  a  random  bank  ai  jle.  Filtered  white  noise  was  used  to  provide  the  commanded  bank 
angle.  The  difference  between  this  signal  and  the  actual  bank  angle  was  used  to  drive  the  vertical  command 
bar  on  an  ADI.  The  pilot's  task  was  to  keep  the  needle  centered  by  controlling  bank  angle  without  the 
application  of  rudder. 

Task  3,  compensatory  tracking  of  a  random  heading  signal.  Filtered  white  noise  was  used  to  provide  the  commanded 
heading  angle.  The  difference  between  this  signal  and  the  actual  heading  was  used  to  drive  the  vertical  com¬ 
mand  bar  on  the  ADI.  The  pilot's  task  was  to  keep  the  needle  centered  by  use  of  ailerons  without  the  applica¬ 
tion  of  the  rudders. 

Task  4,  maintain  zero  heading  in  the  presence  of  turbulence.  Side  gust?  were  introduced  and  the  heading  error  was 

displayed  on  the  vertical  command  bar  of  the  ADI.  The  pilot's  '  tsk  was  to  minimize  the  heading  error  without 
the  application  of  rudder. 

Figure  II  shows  the  typical  block  diagrams  for  the  first  two  tasks.  The  remainder  of  the  discussion  will  concern 
itself  with  these  tasks  since  they  will  be  adequate  to  show  the  use  of  •■-imulation  and  analysis  in  establishing  criteria. 


Analytically,  it  is  required  (1)  to  obtain  transfer  functions  for  the  bank  angle  to  gust  disturbance,  and  (2)  the  bank 
angle  to  ban1,  angle  command  with  the  proper  loop  closures.  Noting  '.hat  all  the  appropriate  loops  are  to  be  closed,  the 
following  equations  arc  us~1  to  describe  the  airplane. 
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FIGURE  11.  BANK  ANGLE  CLOSURES  (FROM  REFERENCE  6) 
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Based  on  the  technique  of  Reference  G,  the  following  expression  for  the  $/<t>fi  and  i>/b  ^  transfer  functions  arc  obtained: 
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The  N-svmbol  polynomials  (i.c.,  )  arc  computed  by  evaluating  the  proper  determinants,  and  detailed  expres- 

A 

sions,  with  rules  for  deviation,  are  given  in  Reference  G.  Typically,  the  N-svmbol  polynomial  will  have  the  form 
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The  pilot  transfer  functions  typically  will  take  the  form  of  the  ratio  of  polynomials 

\  \ 

\=K*P  *  D 

v2  2 

Onstott  (G)  has  developed  some  clever  rules  for  the  manipulation  and  evaluation  of  the  above  transfer  functions  and 
N -symbols,  and  the  reader  is  referred  to  this  work  for  more  specific  details  than  are  ocssible  in  this  paper. 

Since  the  pilot  does  not  act  on  heading  or  sideslip,  in  the  particular  case  of  Task  1,  the  pilot  models  Y^  and  Y^ 
are  set  to  zero,  and  the  total  system  transfer  function  of  bank  angle  to  a.  is  written 

*  I  8 


and,  if  H(s)  is  the  transfer  function  of  the  random  gusts  (in  this  case  of  the  Drydcn  form),  then 
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This  expression  can  be  evaluated  digitally  employing  the  method  described  in  FDCC  I’M  65-17  for  a  given 
root  mean  square  gust  level. 

In  the  case  of  i  ask  2,  the  ojxrn  loop  transfer  function  <t>fo  can  be  used  to  obtain 


<t>  =  <t>  -  <t>  \  - 

e  C  cl  1  4  */* 


and,  if  Ii(s)  represents  a  normalized  random  appearing  command  signal. 
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This  can  be  evaluated  in  the  manner  of  1'iJCC  TM  G5-17. 

This,  then,  provides  a  process  for  calculating  the  performance  expected  of  the  pilots  in  the  simulator  exper.- 
ments.  Figure  12  shows  typical  data  from  the  computerized  form  of  the  above  method,  where  a  pilot  describing 
function 

Y^  =  K*  (.5  ft  +  1)  e”*3  s 


is  used  for  Task  1  and 


Y*  =  K*  (.5  s  1)  e 


-.44  s 


is  used  for  Task  2.  The  variation  of  $  with  pilot  lead  Tj  is  typical  for  all  the  cases  tested,  and  is  offered  as 
justification  of  the  use  of  a  value  of  0.5  for  the  leadlime  constant  Tj .  Employing  this  value  of  the  leadtime  constant, 
the  predicted  tracking  performance  is  taken  to  be  the  minimum  attained  as  is  varied  in  the  manner  of  Figure  12. 

Figure  13  shows  a  comparison  of  the  predicted  and  measured  performance  during  the  tracking-in-gust  task 
and,  l>cing  typical,  attests  to  the  accuracy  of  the  prediction  techniques. 

For  claritv  in  the  remainder  of  the  discussion,  the  following  code  is  used  to  distinguish  the  airplane  configura¬ 
tion  tested:  "Configuration  A  B  2.G,”  where  A  refers  to  thc^/tf^  ratio,  B  the  roll  time  constant  Tj,,  2  the  value  of 

vawing  moment  due  to  roll  rate  Np,  and  6  the  value  of  the  ratio  of  yawing  moment  to  rolling  moment  due  to  ailerons. 
Further, 
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"igurc  14  shows  the  predicted  Task  1  and  Task  2  pilot  performance  in  nine  airplane  configurations.  Super¬ 
imposed  on  the  graph  is  the  pilot  rating  assigned  during  Task  1  in  different  turbulence  levels.  If  we  use  the  following 
reasoning  (sec  next  paragraph),  then  the  data  on  this  figure  further  validate  the  applicability  of  the  analytical  model. 


FIGURE  14.  EFFECTS  OF  CONFIGURATION  ON  COMPUTED  PERFORMANCE 
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In  the  ease  ot  Task  1  we  might  expect  the  configuration  with  the  highest  \<t>/p\^  ratio  to  have  the  highest  bank 

angle  errors  in  turbulence  because  of  the  high  bank  angle  disturbances  caused  by  p  gusts.  This  is  confirmed  by  the 
data  on  Figure  14.  Also,  it  may  be  expected  that  the  configurations  with  the  lowest  roll  damping  (highest  T_)  would 

A 

have  the  highest  <t>&,  and  this  is  again  confirmed  by  the  data  on  Figure  14.  Rather  less  obvious,  we  may  expect  that 
within  a  configuration  group,  configurations  with  positive  would  exhibit  the  highest  bank  angle  errors.  The  rolling 
rate  induced  by  the  sidegust  would  tend  to  aggravate  the  amount  of  sideslip,  hence  increasing  On  Figure  14,  the 
highest  ^  for  Configuration  AB  occurs  at  tl.e  more  positive  N^. 

Comparison  of  ths  data  for  Task  1  and  Task  2  (lower  and  upper  graphs,  respectively)  indicates  an  important 
finding  of  the  work,  namely,  that  a  configuration  with  the  best  performance  in  compensatory  tracking  BB2.3  is  not 
necessarily  the  best  configuration  for  holding  bank  angle  in  turbulence. 


So  much  for  performance  alone.  We  have  demonstrated  that  we  have  an  excellent  means  of  predicting  per¬ 
formance,  which  is  configuration-  and  task-sensitive.  The  ideal  thing  then  would  be  to  have  sor.-e  means  of  predicting 
pilot  rating  with  similar  accuracy.  Criteria  could  then  be  specified  in  the  manner  of  MIL-F-87S5B(ASG),  where 
levels  of  flying  qualities  are  specified  which  are  combinations  of ,  ilot  work  load  and  mission  effectiveness.  It  has 
not  at  this  time  been  possible  to  predict  pilot  rating,  or  to  establish  a  rating  that  is  a  combination  of  performance  and 
pilot  work  load.  The  work  is  not  complete,  and  a  great  deal  more  data  have  been  acquired  through  further  analysis 
and  simulation.  It  does  seem  that  such  a  prediction  may  be  possible,  and  Figure  15  will  be  used  to  illustrate  the  kind 
of  thinking  involved. 
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FIGURE  15.  RELATIONSHIP  BETWEEN  PILOT  RATING  AND  TRACKING  ERROR 

On  Figure  15,  the  pilot  ratings  of  Task  1,  the  holding  bank  angle  in  turbulence  task,  arc  plotted  against  tank 
angle  error.  Superimposed  on  the  data  is  the  rms  gust  level  for  each  case.  The  first  observation  is  that  the  con¬ 
figurations  with  the  higher  ratios  have  the  worst  pilot  ratings  and  in  turbulence  of  much  lower  levels  than  the 

lower  \<t>/P'  A  ratio  configurations.  This  indicates  a  strong  configuration-dependence  on  id//9i(i  ratio  at  constant 

«n  and  ij.  In  fact,  this  is  consistent  with  the  reasoning  behind  the  requirement  of  Paragraph  3.3. 1  of  the  Military 
d 

Specification,  where  increased  dutch  roll  damping  is  required  as  a  function  of  \o/p\  j. 


The  material  in  the  Paragraph  3.3.1  of  the  Military  Specification  follows  from  work  by  Ashkcnas  in  which  he 
analyzes  data  where  pilot  rating  was  obtained  by  curve-fitting  flight  data  obtained  during  investigations  of  airplane 
dutch  roll  characteristics.  In  fact,  the  criterion  was  spccificallv  created  to  accommodate  the  effects  of  side  gust  on 
roll  acceleration.  It  is  possible  that  through  a  review  and  an  e\|  msion  of  the  work  of  Ashkcnas,  and  through  appli¬ 
cation  of  the  results  of  the  current  experiments,  a  better  criterion  for  the  effects  of  turbulence  can  be  established. 
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A  further  observation  from  the  data  of  Figure  15  is  possible  by  comparing  the  AB2  configurations.  The  pre¬ 
diction  technique  would  indicate  (Figure  14)  that  we  may  have  expected  the  <5  for  a  given  #  to  lx?  similar  for  AB2.fi 

"g 

and  AB2.7.  This  >s  not  the  case,  as  shown  on  Figure  15.  It  is  possible  that  the  pilot  worked  harder  to  maintain 
tower  tracking  error  on  AB2.7  than  on  AB2.G.  The  increased  work  load  would  account  for  the  higher  pilot  ratings 
assigned  the  AB2. 7  configi.i  anon.  If  this  is  the  case,  as  the  data  on  Figure  15  imply,  it  may  lx;  possible  to  analyze 

tnc  data  in  the  manner  of  Anderson'*0*  and  to  establish  a  criterion  that  involves  performance  and  pilot  work  load. 


I  have  tried  to  Illustrate  in  some  detail  the  kind  of  work  that  can  be  accomplished  by  judiciously  employing 
ground-based  simulation  and  analysis.  The  ground-based  simulator  is  ideal  for  this  kind  of  work  since  turbulence 
can  be  produced  under  controlled  experimental  conditions,  something  which  has  been  difficult  in  the  past  to  achieve 
with  inflight  simulators.  Inflight  simulators  historically  have  possessed  inadequate  means  of  producing  simulated 
side  acceleration  in  flight.  The  coming  on  the  scene  of  TIFS,  with  its  direct  lift  and  sideforce  producers,  makes 
possible  accurate  inflight  gust  simulation.  The  combined  use  of  TIFS  and  ground-based  simulators  such  as  the 
Northrop  Large  Amplitude  Flight  Simulator  may  be  necessary  to  completely  resolve  the  question  of  specifying  flying 
qualities  requiremei.ts  in  turbulence. 


INFLIGHT  SIMULATION  AND  ANALYSIS 


It  has  been  noted  in  a  previous  section  that  existing  flying  qualities  criteria  require  simplifying  assumptions  on 
the  impact  of  the  control  system  dynamics  on  other  airplane  modal  characteristics.  Some  work  conducted  to  provide 
information  to  eliminate  the  need  to  identify  modes  of  motion  was  conducted  by  Cornell  and  serves  to  illustrate  the 
application  of  inflight  simulation  and  analysis  in  establishing  flying  qualities  criteria.  An  interesting  thing  about  the 
analysis  is  that,  like  the  work  of  Onstott  and  Salmon,  it  leans  heavily  on  the  work  of  STI  for  the  general  rules  of 
manipulation,  but  Neal  and  Smith  felt  that  the  STI  techniques  were  not  specific  enough  for  this  application.  The  same 
motivation  had  led  Onstott  and  Salmon  to  use  a  statistical  format  for  their  analysis. 


Figure  16  shows  a  block  diagram  representation  of  a  typical  Flight  Control  System-airplane  combination  em¬ 
ployed  in  the  tests.  The  FCS  consisted  of  a  real  pole-zero  combination  close  to  the  Te  2  zero  of  the  airplane  and  z 


complex  pair  of  poles  that  varied  from  values  close  to  the  short  period  poles  tou3  =  75  rad/sec.  The  variable- 


stability  T33,  Figure  17,  was  used  as  the  inflight  simulator  for  the  experiment.  The  feel  system  characteristics 
were  held  constant  at  a  spring  gradient  of  22  lb/inch,  and  the  elevator/stick  force  gradient  was  selected  by  the  pilot 
for  each  flight.  The  same  compromise  discussed  earlier  between  steady-state  stick  force  per  g  and  stick  sensitivity 
had  to  be  made  on  each  flight  in  order  to  eliminate  stick  force  as  a  variable  in  the  evaluation. 
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FIGURE  16.  BLOCK  DIAGRAM  FOR  BASIC  CONFIGURATIONS 
SIMULATED  (FROM  REFERENCE  7) 


FIGURE  17.  T-33  AIRPLANE  WITH  Lfl>  DRAG  PETALS  EXTENDED  TO  FULL  OPEN  POSITION 


FIGURE  18.  CORRELATION  OF  PILOT  RATINGS  WITH  MIL-F-8785B  -  (FROM  REFERENCE  7) 


The  tasks  employed  in  the  simulation  were  typical  of  Class  IV  airplanes  in  the  air  combat  mission  and  included 
VFh  and  IFR  maneuvering  and  tracking.  Pilot  rating  and  PIO  rating  data  and  pilot  comments  were  the  only  data  taken. 

The  basic  short-period  characteristics  of  the  airplanes  simulated  are  shown  on  Figure  16,  along  with  the  asso¬ 
ciated  pilot  ratings  for  conditions  where  no  FCS  effects  were  included.  The  correlation  with  MIL-F-878EB(ASG), 
Section  3. 2. 2.1,  is  good  for  the  two  n/o  values  investigated,  with  the  exception  of  the  high-frequency  cases  at 
n/o  =  50  g/rad.  For  the  cases  where  the  FSC  effect  were  included,  the  data  are  plotted  on  Figure  19  as  pilot  rating 
versus  control  surface  phase  lag  at  the  short-period  natural  frequency.  The  correlation  with  the  MIL-F-8785B(ASG) 
Section  3.5.3  requirement  shown  on  Figure  19  is  very  poor  indicating  a  shortcoming  in  the  requirement  for  the  con¬ 
figurations  studied.  The  attitude  of  the  Cornell  researchers  was  that  a  criterion  could  be  established  which  was  based 
on  the  characteristics  of  the  total  response.  They  tested  the  validity  of  the  well  known  C*  criteria  and  the  equivalent 
Second-Order  System  criteria  and  concluded  that  these  were  not  appropriate,  the  first  because  it  lacked  generality 
and  the  second  because  of  the  insensitivity  of  certain  parameters.  The  authors  then  developed  an  analysis  procedure 
based  on  standard  frequency  response  techniques  and  the  pilot  closure  rules  of  Ashkcnas  and  MeSuer.  Essentially 
the  method  involved: 


PHASE  ANGLE  OF  CONTROL  SYSTEM  AT  w«  u$p  -DEG 

FIGURE  19.  VARIATION  OF  PR  WITH  CONTROL  SYSTEM  PHASE  ANGLE  AT  U  =  «cp 
(FROM  REFERENCE  7! 
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1.  Providing  a  mathematical  model  of  the  closed  loop  tracking  task. 

2.  Establishing  a  series  of  performance  measures  describing  a  "standard  of  performance"  which  the  pilot 
tries  to  achieve. 

3.  Develop  a  method  of  converting  open  loop  characteristics  to  closed  loop  characteristics. 

4.  Establish  a  method  for  determining  how  the  pilot  is  likely  to  apply  compensation  to  achieve  the  performance 
standards. 

5.  Develop  a  method  of  relating  tracking  performance  and  pilot  compensation  to  pilot  opinion. 

The  form  of  the  tracking  performance  standard  was  specified  as  follows: 

1.  A  minimum  bandwidth  for  the  total  closed  loop  system  of  3.3  rad/scc 

2.  A  maximum  low  frequency  droop  of  -3db  at  frequencies  below 

3.  A  closed  loop  resonance  9 /$  which  is  a  function  of  the  pilot  compensation  required. 

The  pilot  compensation  is  the  phase  relation  between  the  pole  and  zero  in  the  assumed  form  of  the  pilot  transfer 
function 


Fs 

6e 


and  pilot  compensation  is  take  :  to  be 

^f~pc 


u  =  (BW) 


min 


Employing  an  interesting  opcn-to-closcd-loop  transformation  technique  using  Nichol's  charts,  the  authors 
computed  the  pilot  compensation  and  closed-look  resonance  for  each  condition  tested.  The  correlation  of  the  computed 
values  of  these  parameters  with  pilot  opinion  provides  the  criterion  boundaries  shown  on  Figure  20.  The  correlation 
is  sufficiently  good  to  suggest  the  use  of  the  method  to  specify  flying  qualities  criteria  for  Class  IV  airplanes. 

While  the  details  of  the  methods  of  analysis  and  inflight  simulator  experiments  have  not  been  presented,  it  is 
hoped  that  the  use  of  inflight  simulation  and  analysis  in  attempting  to  establish  criteria  has  been  adequately  demonstrated. 

PILOT  RATING 

O  1-3.5 

NOTE:  FLAG  ON  POINT  DENOTES  x  4-65 

HIGH  CONTROL  SENSITIVITY  A  7-10 


PILOT  COMPENSATION,  *  _~DEG 

pc 

FIGURE  20.  CORRELATION  OF  PILOT  W  RATING  DATA  WITH  CLOSED-LOOP  PARAMETERS  (FROM  REFERENCE  7) 


9-18 


VJ Mr*tl*-*$* 


TOWARD  IMPROVED  SIMULATION  CAPABILITY 


In  discussing  the  use  of  simulation  and  analysis  in  establishing  criteria,  no  indication  has  been  given  of  the 
adequacy  or  inadequacy  of  the  reproduction  of  the  motion  and  visual  cues  involved. 

There  are  significant  imperfections  in  ground-based  simulators  in  the  quality  of  motion  reproduction.  Consider 
the  comparison  of  model  acceleration,  and  model  roll  rate,  with  simulator  acceleration  and  roll  rate  shown  on  Figure 
21.  It  is  clear  that  while  the  response  to  turbulence  of  the  model  and  simulator  is  close,  the  response  to  step  control 
inputs  is  grossly  affected  by  the  simulator  motion  system.  Of  course  this  is  only  a  small  part  of  the  complete  story, 

and  it  is  possible  by  proper  mixing  of  the  visual  and  motion  cues'  ’  to  achieve  a  synthetic  environment  in  which  cor¬ 
rect  pilot  response  can  be  achieved.  One  might  think  of  ground  simulators  as  good  fixed-based  visual  displ-.ys  car¬ 
ried  on  adequate  motion  systems.  The  demand  from  the  motion  system  is  mainly  to  provide  adequate  motion  onset 
cues  with  an  unavoidable  minimum  of  associated  improper  motion  cuing  within  the  perception  level  of  the  pilot.  Fig¬ 
ure  22  shows  the  Northrop  Large  Amplitude  Flight  Simulator  and  a  wide-angle  visual  display  (LAS/WAVS)  which  will 
be  used  in  the  continuing  research  on  the  effects  of  turbulence  on  Dying  qualities  of  piloted  airplanes.  This  simulator 
has  been  developed  to  allow  realistic  simulation  of  most  tasks  required  of  Class  IV  airplanes,  including  air-to-air 
combat,  and  will  be  available  to  complement  in-Dight  simulators  in  the  determination  of  flying  qualities  criteria  for 
piloted  airplanes. 

It  is  probable  that  until  inflight  simulators  are  available  with  high  load-factor  and  Mach  number  performance, 
simulators  such  as  the  LAS/WAVS  will  play  an  important  part  in  research  on  the  flying  qualities  of  air-to-air  combat 
airplanes.  The  inflight  simulator  which  might  be  used  in  the  development  of  flying  qualities  criteria  has  technology 
difficulties  of  a  similar  nature  to  the  ground-based  simulator.  Consider  Figure  23,  which  shows  in  block  diagram 
form  the  key  aspects  of  ground-based  and  inflight  simulators.  In  ground-based  simulators,  we  can  work  on  the  simu- 
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lation  of  visual  and  motion  cues  independently.'  '  On  inflight  simulators,  the  visual  cues  are  inseparably  involved 
with  the  motion  cues.  If  the  motion  response  on  the  inflight  simulator  to  inputs  is  improper,  then  the  visual  cues 
will  be  inadequate  and  the  inflight  simulator  will  cease  to  respond  like  an  airplane.  This  is  characteristic  of  certain 
inflight  simulators  in  use  today  and  may  be  characteristic  of  model -following  variable  stability  systems.  The  Cornell 
TIFS,  Figure  24,  provides  an  excellent  opportunity  to  explore  the  problems  of  simulating  the  VFR  environment  and 
operation  of  airplanes  and  of  developing  a  procedure  for  the  proper  reproduction  of  motion  and  visual  cues  in  flight. 

An  airplane  that  would  expand  the  research  capability  in  the  area  of  flying  qualities  of  Class  IV  airplanes  is  a 
variable  stability  version  of  a  high-performance  Class  IV  airplane.  The  airplane  shown  in  Figure  25  is  typical  of 
what  could  be  accomplished.  Canards,  flaps,  and  direct  side-force  producers  could  be  used  in  conjunction  with  the 
usual  control  surfaces  to  provide  simulation  in  all  degrees  of  freedom.  Careful  application  of  response  feedback  and 
model -following  techniques  could  overcome  the  problem  of  improper  visual  and  motion  cues  in  large-angle,  rapid, 
flight  path  changing  maneuvers.  The  result  would  be  an  excellent  high-performance  inflight  simulator. 
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FIGURE  23.  MOTION  AND  VISUAL  CUING  IN  SIMULATORS 


FIGURE  24.  USAF/CAL  TIFS  AIRPLANE  IN  FLIGHT  (FROM  REFERENCE  ) 


CONCLUSION 


Existing  flying  qualities  criteria  specifled  in  MIL-F-8785B  (ASG)  have  been  established  using  open-  and  closed- 
loop  analysis  techniques,  ground-based  simulation,  inflight  simulation,  and  experience  from  flight  testing  in-service 
airplanes.  While  the  specification  is  comprehensive,  there  are  areas  where  the  requirements  need  improving.  The 
two  more  obvious  areas  are  associated  with  the  effects  of  turbulence  on  flying  qualities  and  the  interaction  of  control 
system  dynamics  with  airplane  characteristics.  It  has  been  demonstrated  that  grouno-based  simulation  and  analysis 
hold  the  promise  for  better  specification  of  turbulence  effects,  and  inflight  simulation  and  analysis  may  be  useful  in 
specifying  total  system  flying  qualities  criteria.  Improved  inflight  and  ground-based  simulator  facilities  necessary  in 
this  research  can  be  provided  with  current  technology. 
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ISAD  DISCUSSION 

by 

P.L.  Blagood 

Royal  Aircraft  Eatabliahaant 
Bedford,  Bod* 

England 


Hr  Gallagher's  m&in  thesis  is  that  handling  criteria  should  be  developed  from  a  foundation  of 
simulation  amt  analysis,  and  shout i  then  be  validated  using  operational  experience.  This  is  now  received 
doctrine  and  is  respected  as  such,  so  that  most  of  my  comments  will  be  cov.cemed  with  the  details  of  his 
paper  rather  than  its  basic  principles.  However,  it  is  perhaps  worth  emphasising  a  general  point  that  is 
implied  rather  than  spelled  out  in  the  text,  namely  the  importance  of  synthesis  in  the  development  of 
criteria  -  by  this  X  mean  the  process  of  drawing  together  the  threads  of  all  relevant  items  of  research 
into  a  consistent  pattern:  a  classic  example  of  synthesis  in  this  sense  is  the  monumental  "Background 
Information  of  Chalk  and  his  associates,  to  which  Hr  Gallagher  refers.  I  make  this  glaringly 

obvious  point  only  because  ti ere  has  sometimes  been  a  tendency  to  formulate  'instant  criteria'  on  the 
basis  of  a  single  experiment,  plus  a  hunch,  and  to  give  other  relevant  material  insufficient  consideration, 
usually  with  rather  unsatisfactory  results. 

I  would  like  to  turn  now  to  some  of  the  detailed  points  raised  in  Hr  Gallagher's  paper. 

I  found  the  arguments  put  forward  for  an  upper,  as  well  as  a  lower,  bound  of  natural  frequency  at  a 
given  l'V/c<  were  quite  persuasive.  However,  the  situation  seems  less  satisfactory  when  it  cones  to 
translating  these  arguments  into  quantitative  limits:  for  example,  the  upper  frequency  limits  of  Mil. Spec. 
8785  B  for  Category  C  flight  phases  do  not  seem  to  be  well-supported  by  the  in-flight  simulations  on  which 
they  are  supposed  to  be  based  -  indeed  the  upper  frequency  limits  of  the  experimental  data  for  Category  C 
were  typically  about  one-half  the  local  upper  limits  for  Level  1.  There  is,  in  fact,  reasonable  supportive 
evidence  from  ground-based  simulators  for  the  upper  frequency  limits  relating  to  Level  1,  Category  C  (for 
example,  vhe  Studies  made  by  A  G  3ames  of  BAC),  but  the  situation  is  less  clear  in  the  case  of  Category  A 
flight  phases  where,  it  seems  to  mo,  we  need  additional  experimental  data  before  the  upper  frequency 
limits  can  be  properly  established. 


1  agree  with  Hr  Gallagher  that  the  minimum  dampinc  limits  shown  in  Pig.  4  are  too  high  and,  in  the 
esse  of  Level  3»  much  too  high.  To  give  a  better  feei  for  the  'miss  distances'  involved  would  Hr  Gallagher 
give  us  some  more  information  about  Pig.  7  -  for  example,  do  all  the  data  labelled  "cruise"  relate  to 
Category  B  flight  phases  and  were  all  the  configurations  rated  at  Level  1.  His  point  is  well  taken,  how¬ 
ever,  th3t  this  problem  arises  partly  because  we  still  leek  a  rational  method  of  dealing  with  the  handling 
qualities  required  for  flight  in  turbulence  -  a  corollary  of  this  is  that  we  require  adequate  models  of 
the  turbulence  itself  as  a  starting-point  and  we  look  forward  to  an  interesting  discussion  on  this  topic 
tomorrow. 

I  fear  I  an  not  sufficiently  fail' liar  with  the  work  of  Onstott  and  Salmon  to  comment  in  much  depth 
on  the  next  section  of  the  paper,  though,  bearing  in  mind  the  recent  work  on  the  non-Gaussian  nature  of 
turbulence  (see  paper  14  by  J  G  Jones),  one  must  ask  if  these  and  other  experiments  based  on  simulated 
turbulence  having  Gaussian  distributions  give  a  sufficiently  accurate  approximation  to  "real  life"; 
furthermore  one  must  question  the  adequacy  of  root-mean-square  error  as  a  measure  of  pilot  performance  - 
the  evidence  suggests  that  we  need  a  measure  that  takes  particular  note  of  the  occasional  large  disturban¬ 
ces,  to  which  the  pilot  is  particularly  sensitive. 


1 
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Turning  to  Pigure  15  of  the  paper,  Hr  Gallagher's  comment  that  the  '3C  configurations,  with  their 
high  I  0J  fi\  ratios,  received  less  favourable  pilot  ratings  is  correct,  but  it  should  also  be  mentioned 

these  configurations  had  inferior  roll  control  as  well,  (in  the  cense  of  having  higher  cVf^  )  which  would, 
presumably,  have  influenced  assessment  in  the  "wing-levelling"  task.  The  differences  shown  in  Pig.  Ip 
between  the  similar  configurations  AB  2.6  and  2.7  seem  rather  anomalous  and,  to  me,  very  puzzling.  '.That 
indicators  ^f  pilot  effort  would  Mr  Gallagher  suggest  as  being  sufficiently  different  between  the  two  cases 
to  outweigh  the  presumably  beneficial  effect  on  rating  of  the  better  perf inaance  obtained  with  AB  2.7? 

On  an  al.ied  topic,  X  had  thought  th3t  a  classic  response  of  the  pilot  when  confronted  with  a  task  of 
increasing  difficulty  was,  initially,  to  maintain  a  nearly  constant  performance  at  the  expense  of  working 
harder  and  so  worsening  his  ratings;  beyond  a  certain  level  of  task  difficulty  his  performance  deteriorated 
fairly  abruptly  and  this  sometimes  coincided  with  the  rating  rising  through  6.5:  this  is  very  much  the 
type  of  variation  shown  for  configuration  A3  2.7,  whereas  AB  2.6  shows  a  quite  different  form.  I  would 
"ike  to  ask,  firstly,  if  Hr  Gallagher  can  explain  these  differences  and  secondly,  if  the  pilot  behaviour 
„.ust  described  is  the  more  typical,  what  indicators  of  performance  will  also  prove  sufficiently  sensitive 
»'>  indicators  of  pilot  rating? 
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I  got  the  impression  from  his  Section  on  'In-flight  Simulation'  that  Hr  Gallagher,  like  many  of  us, 
wishes  to  see  a  move  away  from  t.-.e  somewhat  indirect  form  in  which  many  of  the  present  Anericar  requirements 
are  cast.  Tne  Cornell  experiments  he  take,  as  an  example  of  in-flight  simulation,  illu;trate  one  of  the 
directions  inat  such  a  move  might  take,  though  I  do  not  believe  that  tne  deductions  from  these  experiments 
have  yet  been  brought  to  the  point  where  they  can  b  ■  used  as  criteria.  The  pilot  compensation  and  the 
associated  resonance  peak  are  both  very  sensitive  to  the  value  assigned  to  the  closed-loop  bandwidth,  and 
Heal  and  oniih  found  it  necessary  to  associate  different  baudwidths  with  different  groups  of  data  in  order 
to  bring  the  latter  into  line  with  each  other.  Clearly,  before  this  approach  can  flourish  it  will  be 
necessary  to  establish  convincingly,  the  rules  that  may  govern  these  postulated  variations  in  bandwidth. 

In  my  view  we  are  still  a  Ion;  way  from  being  able  t.>  do  this;  moreover  the  task  seems  likely  to  prove 
more  complex  than  night  ap >ear  on  the  surface,  because  pilots  do  not  behave  consistantly  -  examples  of  this 
appear  throughout  the  literature,  including  the  Heal  and  Smith  experiments,  in  which,  for  example,  a  civen 
configuration  was  given  widely  differing  ratings  by  one  pilot  on  different  occasions,  apoarently  because, 
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on  one  occasion,  he  flew  the  aircraft  "more  aggressively"  (i.e.,  aimed  for  greater  bandwidth)  and 
encountered  P.1.0.  problems  in  consequence.  The  problem  is  thus  not  only  to  establish  the  appropriate 
range  of  forms  and  stategies  for  our  pilot  model  in  a  given  task,  but  also  to  establish  the  probability 
that  the  pilot  will  adopt  a  particular  form  and  strategy.  It  seems  to  me  that  the  "pilot  model"  approach 
can  only  be  used  properly  in  some  statistical  sense  like  this,  in  view  of  the  unpredictability  of 
individuals:  the  problems  appear  formidable. 

I  have  a  final  question  for  Ur  Gallagher.  Would  he  please  tell  us  more  about  the  large  amplitude 
simulator  he  shows  in  Fig.  22?  In  particular  what  problems,  if  any,  have  been  encountered  with  the 
structural  modes  of  the  motion  system  and  what  a  tens  have  been  tnken  to  deal  with  them? 
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OPEN  DISCUSSION 


R.  Deque,  Aerospatiale,  France 

It  seems  difficult  to  der  ve  absolute  handling  criteria  for  new  types  of  aircraft  from  ground 
based  simulators  (and  not  only  trends).  This  is  because  limitations  of  simulation  we  know  by  experience. 
He  can  give  two  examples:  (1)  Filot  ratings  can  be  changed  by  only  modifying  cockpit  environmental 
conditions  without  changing  the  aircraft  dynamics;  (2)  We  have  found  that  pilot  behaviour  on  a  given 
simulator  can  change  lurgely  depending  on  if  he  works  on  the  simulator  before  or  after  he  has  been  flying 
the  real  aircraft  which  is  simulated. 

J.T.  Gallagher,  Northrop  Corp,  USA 

For  one  thing,  ground  based  simulation  may  be  all  that  you  have  and  it  is  better  than  nothing. 

With  regard  to  the  pilot's  behavior  after  having  flown  the  real  aircraft,  that  is  to  be  expected, 
because  after  flying  the  real  aircraft  the  pilot  has  a  better  feel  for  the  real  environment  that  you 
were  trying  to  simulate.  Knowledge  of  this  makes  you  a  better  user  of  simulators. 

S. B.  Anderson,  NASA  Ames.  USA 

Perhaps  Mr.  Deque  is  referring  to  one  of  our  tests  on  the  FSAA,  where  the  pilot  on  the 
fixed  base  simulator  used  much  larger  amplitudes  of  control  motion  but  when  he  had  motion  those  large 
amplitudes  produced  some  physical  discomforts.  The  pilot  thus  found  that  in  the  motion  case  that  either 
the  large  control  amplitude  produce  discomfort  or  the  simulation  was  not  a  true  representation  of  the 
characteristics  that  existed  in  the  moving  base  simulation. 

R. P.  Harper,  Cornell  Aero  Lab,  USA 

It  seems  that  bank  angle  error  alone  is  an  Insufficient  parameter  for  forecasting  pilot  ratings. 
Things  like  sideslip  excursions  and  roll  acceleration  excursions,  etc,  are  influencing  the  pilot,  his 
control  activity,  etc.  Neal  and  Smith  were  able  to  correlate  the  pilot  rating  results  from  actual  in¬ 
flight  simulations  with  a  close  loop  analysis  of  pitch  angle  tracking.  I  agree  with  Mr.  Bisgood’s  point 
that  this  theory  needs  to  be  subjected  to  further  test  before  it  is  accepted  as  good  criteria. 

I.L.  Ashkenas,  ST  I,  USA 

Mr.  Bisgood's  statement  that  a  pilot  can  perform  with  a  very  bad  airplane,  get'  good  performance 
and  still  rale  It  as  an  unacceptable  airplane  is  a  very  important  point  and  has  been  lacking  from  some 
of  the  previous  discussions.  Performance  ia  not  the  sole  factor,  we  must  consider  the  pilot  effort 
required  to  achieve  that  performance. 


HANDLING  QUALITIES  CRITERIA  FOR  SUPERSONIC  TRANSPORT 


W.  T.  Kehrer 

Flight  Controls  Technology  Staff 
The  Boeing  Company 
?.0.  Box  3707 

Seattle,  Washington  9812*1 


INTRODUCTION 

These  informal  notes  are  offered  for  discussion  in  place  of  the  French  Aerospatiale  paper  that 
was  originally  scheduled  for  presentation.  The  aerospatiale  paper  was  titled  "Criteria  for  Supersonic 
Transport  Certification."  These  substitute  discussions  will  not  attempt  to  recommend  specific  criteria  to 
be  adopted  for  SST  certification.  Instead,  comments  vill  be  presented  concerning  the  influence  of  handl¬ 
ing  qualities  criteria  specifications  on  the  aircraft  design;  and  some  examples  will  be  given  of  criteria 
that  were  employed  to  guide  the  design  of  the  Boeing  United  States  SST  configuration. 

The  development  of  criteria  to  govern  the  design  of  the  United  States  SST  involved  a  period  of 
several  years  of  study,  and  considerable  experimentation  with  various  flight  simulator  facilities. 

During  this  period,  all  existing  criteria  were  reviewed,  and  much  thought  was  given  to  the  adoption  of 
new  app-oaches  to  enhance  the  aircraft  design  with  regard  to  safety,  performance,  and  flying  qualities. 

The  recently  revised  U.S.  military  flying  qualities  specification,  MIL  F  8785B,  and  its  background  and 
user's  guide. played  a  significant  roll  in  tne  development  of  the  Boeing  criteria.  Throughout  all  of  this 
study  and  experimentation  work,  the  considerable  experience  of  The  Boeing  Company  in  the  design,  certifi¬ 
cation  and  selling  of  large  commercial  Jet  transport  aircraft  dominated  the  decision  making  process  in 
the  criteria  selection.  These  studies  culminated  in  the  publication  of  a  sizeable  Boeing  document  en¬ 
titled  'Stability  and  Control,  Flight  Control,  Hydraulic  Systems  and  Related  Structures  Criteria  for  the 
Supersonic  Transport." 


DISCUSSION 

Figure  1  outlines  some  thoughts  on  what  should  be  the  content  and  tone  of  a  criteria  specifi¬ 
cation  for  commercial  transports.  First  and  foremost,  a  criteria  must  insure  safe  handling  qualities  for 
all  regimes  of  flight  operation.  In  addition  to  the  normal  flight  operations,  operation  to  the  extremes 
of  the  flight  envelope,  and  operation  in  severe  turbulence  must  be  specified.  Also  to  be  considered  are 
flight  operations  with  systems  failures.  A  criteria  specification  must  also  consider  the  critical  com¬ 
binations  of  these  items  that  have  a  reasonable  probability  of  occurrence.  For  example:  the  airplane 
mu -;t  be  able  to  operate  safely  in  turbulence  of  some  specified  level  following  flight  controls  systems 
fa-  lures . 


The  criteria  specification  must  also  provide 
for  demonstration  of  compliance.  Tliis  is  often  diffi¬ 
cult  to  do  but  should  be  a  controlling  consideration 
in  the  development  of  each  criterion. 

Finally,  the  criteria  should  avoid  dictating 
the  design  detail  of  the  aircraft  and  its  systems. 

For  example,  instead  of  specifying  numerically  the 
required  levels  of  stability  or  maneuvering  control 
force  gradients,  it  would  be  preferable  to  word  the 
requirement  in  more  general  terms,  such  as: 

"Control  system/pilot  compatibility  must 
he  maintained  throughout  the  speed/altitude 
envelope  to  ensure  adequate  control 
response  and  maneuverability  with  reason¬ 
able  control  forces,  linearity  of  response, 
and  protection  against  structural  damage 
due  to  overcontrol." 


HANDLING  QUALITIES  CRITERIA 
FOR  SUPERSONIC  TRANSPORT 


CRITERIA  SHOOED  INSURE  SATE  HANDEING 
QUALITIES 

0  FOR  NORMAL  OPERATION 

0  FOR  OPERATION  TO  EXTREMES  OF  FUCHT 
ENVELOPE 

0  FOR  OPERATION  IN  SEVERE  TURBULENCE 
0  FOR  OPERATION  WITH  SYSTEMS  FAILURES 

CRITERIA  SPECIFICATION  SHOUtO  PROVIDE  FOR 
DEMONSTRATION  OF  COMPLIANCE 

CRITERIA  SHOUtD  AVOID  DICTATING  AIRCRAFT 
AND  SYSTEMS  DESIGN  DETAIL 


Figure  1. 


This  apnroach  to  a  criteria  specification  places  the  responsibility  on  the  designer  to  provide 
a  satisfactory  configuration,  but  gives  him  freedom  to  select,  design  and  optimize  the  airframe /systems 
combination  to  meet  the  specification. 

Let  us  now  examine  a  few  of  the  criteria  that  were  developed  to  guide  the  design  of  the  Boeing 
SST  configuration  and  its  flight  control  system.  Figure  2  presents  some  examples  of  the  criteria  devel¬ 
oped  for  longitudinal  stebility.  It  shows  criteria  adopted  for  normal  operation  of  the  aircraft,  and 
criteria  employed  for  minimum  safe  systems  operation.  Minimum  safe  operation  refers  to  the  most  degraded 
levels  of  aircraft  hurdling  qualities  that  still  permit  sale  operation.  Time  docs  not  permit  detailed 
discussion  of  each  criterion  listed.  Instead,  the  criteria  that  will  be  discussed  are  those  that  differ 
significantly  from  past  approaches  to  the  specification  of  longitudinal  stability.  For  example,  for 
normal  system  operation  response  characteristics  arc  specified  in  terms  of  pitch  rate  time  response 
boundaries.  These  boundaries  are  expressed  as  tbe  ratio  of  pitch  rate-to-steady  state  pitch  rate  as  a 
function  of  time  following  a  control  input.  Tnese  boundaries  provide  more  specific  guidance  for  design 
of  the  flight  control  system  than  do  criteria  specified  in  terms  of  frequency,  damping  and  n2  . 


For  mininun  safe  system  operation,  a  wide  ranee  of  maneuver  force  gradients  is  permitted,  but 
it  is  still  required  that  the  aircraft  maneuver  response  be  stable.  Sneed  stability,  in  terms  of  control 
force  versus  speed,  is  not  required.  Instead,  the  airplane  is  permitted  to  be  unstable,  and  then  we 
specify  the  maximum  level  of  instability  that  is  permitted.  The  permitted  level  of  instability  is  stated 
in  terms  of  time  to  double  amplitude  of  the  unstable  root  of  the  longitudinal  equations  of  motion.  It  is 
required  that  the  unstable  root  must  not  double  amplitude  in  less  than  six  seconds. 

Most  of  the  other  longitudinal  stability  requirements  listed  on  the  chart  are  conventional  in 
nature,  However,  the  specification  permitting  static  instability  is  a  new  approach  to  aircraft  design. 
This  approach  was  taken  to  improve  the  airplane  longitudinal  balance,  reduce  aircraft  weight  and  aero¬ 
dynamic  drag,  and  thus  improve  payload/range  performance. 

Figure  3  shows  the  relationship  between  longitudinal  handling  qualities  and  time  to  double 
amplitude  of  the  unstable  root.  It  is  a  summation  of  pilot  ratings  obtained  as  a  function  of  the  level  cf 
airplane  instability.  The  curved  line  on  the  graph  summarizes  the  mean  pilot  rating  ns  a  function  of  time 
to  double  amplitude  as  obtained  from  various  experiments  on  fixed-base  simulators,  moving-oase  simulators 
and  variable-stability  aircraft.  It  is  seen  that  pilots  can  safely  control  the  airplane  with  time  to 
double  amplitude  as  low  as  three  seconds.  This  is  indicated  on  the  graph  by  the  pilot  rating  6-1/2  inter¬ 
section  with  the  curve.  At  pilot  raring  6-1/2,  the  aircraft  handling  qualities  are  objectionable,  but  the 
pilot  can  still  retain  safe  control  of  the  airplane.  The  criterion  of  six  seconds  to  double  amplitude 
was  based  upon  experimentation  of  this  type,  and  the  consideration  to  provide  a  comfortably  safe  margin 
for  commercial  aircraft  design. 


10NGHUDINAI  STABILITY  REQUIREMENTS 


NORMAL  SYSTEM  OPERATION 

0  STABLE  MANEUVER  CONTROL  TOPCE  AND  DEfliCTION 
GRADIENTS  CS  TJ  45  EBS/gl. 

0  SPECIFY  MANEUVER  RESPONSE  CHARACTERISTICS. 
Q'QSS  VS  TIME  BOUNDARIES. 

0  STABLE  SPEEO  STABILITY  (CONTROL  fORCE  VS  SPEEDI 
TOR  FLIGHT  WHERE  PROLONGED  OPERATION  OR  PRECISE 
AlRSPEEO  CONTROL  IS  NECESSARY. 

MAXIMUM  GRADIENT  I  t BIKNOT. 

0  SPECIFY  DYAIiMIC  OAMPING. 
o  NO  LOCKEO-IN  PITCH  UP. 

MINIMUM  SAFE  SYS'EM  OPERATION 

0  STABLE  MANEUVER  FORCE  CRAP! ENTS  18  TO  IDO  IBSty. 

0  SPEEO  STABIl.il Y  NV  REQUIREO 

IEVEE  OF  INSTABILITY  LIMITED  TO 
UNSTABET  ROOT  MUST  NOT  OOUBIE 
AMp'JiUDE  IN  LESS  THAN  6  SECONDS 

0  SHORT  PERIOD  DAMPING  RATIO  NOT  LESS  MAN  .15. 

0  NO  TENOENCY  FOR  SUSTAINED  OR  UNCONTROLLABLE 
OSCULATION. 


PILOT  RATING  OF  LONGITUDINAL 
HANDLING  QUALITIES  FOR 
UNSTABLE  SST  CONFIGURATION 


PILOT 
sating  - 
COOPER  6 
SCALE 


MINIMUM.  SAFE 
BOUNDARY  OF 
PILOT  RATING  SCALE 


Figure  2. 


TIME  TO  DOUBLE  AMPLITUDE  OF 
UNSTABLE  ROOT 


figure  3. 


The  time-to-double  amplitude  criterion  may  determine  the  aft  center  of  gravity  limit  for  the 
airplane.  If  ir  does  not  determine  the  limit,  an  additional  consideration  must  be  evaluated.  Figure  h 
graphically  states  an  additional  criterion  of  controllability  for  selecting  the  aft  center  of  gravity 
limit.  Shown  here  are  the  limiting  stability  and  control  characteristics  f  r  an  unstable  airplane, 
wherein  the  most  aft  permissible  operating  center  of  gravity  must  still  ensure  adequate  nose-down  control 
throughout  the  operating  angle  of  attack  range. 


figure  5  specifies  high-speed  longitudinal 
control  requirements.  Criteria  are  stated  for 
normal  operation  and  for  minimum  safe  operation. 

These  criteria  are  shown  more  graphically  on  Figure 
6  in  a  plot  of  maneuver  load  factor  vs  speed.  The 
shaded  area  shows  the  required  maneuver-load  factor 
envelope  for  control.  This  load  factor  envelope 
is  seen  to  be  uoll  inside  of  the  structural  design 
load  factor  envelope.  Boeing  studico  have  shown 
that  these  levels  of  maneuver  capability  provide 
safe  operation  throughout  the  flight  envelope.  For 
example,  a  load  factor  capability  of  2  g's  at  max¬ 
imum  operating  speed  decreasing  to  1.5  g's  at  max¬ 
imum  dive  speed  has  been  shown  to  provide  a  satis¬ 
factory  level  of  control  for  recovery  from  dive  up¬ 
sets.  It  should  be  noted  that  this  maneuver  capa¬ 
bility  is  required  in  either  symmetrical  or  rolling 
maneuvers;  the  intent  being  that  application  of  roil 
control  must  not  compromise  the  longitudinal  maneuver 
capability  below  the  levels  specified. 


AIT  C.G.  LIMIT  SELECTION 


ANCLE  OF  ATTACK - 


ALPHA  FOR 
VMIN  OEM  2 


TRIM  AH.'ie- 


■  NOSE  UP 


-FULL  NOSE  DOWN 
PITCH  CONTROL 
tH/ie  «  15°/2S° 

-CG  LIMIT  SELECTED 
TO  PROVIDE  ADEOUATE 
CONTROL  FOR  OYNAMIC 
STALL  RECOVERY 

■UNSTABLE  GRADIENT 


NOSE  DOWN  ■ 


PITCHING  MOMENT  (AFT  CG  LIMIT) 

Figure  h. 
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HICH  SPEED  LONGlIUDINAt 

C0NTR01  requirements 


LOf.GITUDINAt  CONTROt 
REQUIREMENTS  FOR 
NORMAL  OPERATION 


NORMAL  SYSTEMS  OPERATION 

0  DEVELOP  LIMIT  ANUE  0'  /HACK  OR  LOAD 
FACTOR  ?9  IE  HEN  TRIMMED  FDR  k)  'LIGHT  AT 
ANY  SPEED  UP  TO  VmoWmo 

0  DEVELOP  n  •  1. 5q  AT  V&Mrj  A  HEN  TRIMMED 
FOR  lq  FLIGHT  AT  Vuj'% 

MINIMUM  SAFE  SYSTEMS  OPERATION 

o  DEVELOP  n  •  159*  -THEN  TRIMMED  FOR  k)  FLICHI 
AT  Vmo! "MO 

0  DEVELOP  n  -  L  259  AT  V(V  MD  "HEN  TRIMMED 
FOR  <9  AT  VmoWMO- 


•  A:  Iramonic  spuds  tins  nquiftotnt  is  reduced  to 
1.259  total  lox)  factor  capaSitity. 


STRUCTURAL  DESIGN 


rioL.ro  ;1. 

A  critical  design  area  for  siziriG  the 
longitudinal  control  of  SST  aircraft  :.iay  lie  la  the 
low-snecd  flight  regimes.  Figure  7  illustrates  a 
requirement  established  for  lov-speed  longitudinal 
control  canability  in  the  lavling  flare.  Through 
a  series  of  flight  simulator  experiments  8  criterion 
was  develotied  to  relate  pitch  attitude  accelera¬ 
tion  rcottj  rem.ents  to  the  incre:  enta!  lift  or  sink 
produced  by  the  control  input.  The  granh  shows  the 
acceptable  boundary  cf  pitch  attitude  acceleration 
versus  the  innrerrcntal  romal  acceleration  (g)  pro- 
iucod  .;y  the  pitch  control  input.  A  negative  value 
of  g  indicates  the  sink  nroduccd  with  control  incuts. 
It  is  typical  of  short-counied,  tailless  aircraft 
that  pitch  control  inputs  generate  relatively  large 
sinking  forces  relative  to  the  nosc-un  control 
■ioner.cs  prolnccd.  The  boundary  then  establishes  a 
nee  :  for  i..croasi r.g  pitch  attitude  acceleration  for 
the  more  short-coupled  aircraft. 
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Figure 


LANDING  LONGITUDINAL  CONEROL 
REQUIREMENTS 


10  12 
aQ  "  DEG/SCC2 
CCEPTABIE 


igurc 


summarizes  some  of  the  .-ore  critical  requirements  for  the  lateral  control  system.  'Che 


criteria  used  for  the  Boeing  SOT  specified  roll  ucrfoimancc  require. -.e.nts  in  terns  of  time  to  bank,  as  will 
be  shown  on  .he  following  chart.  Additional  rccuire  cnts  are  that  the  aircraft  should  be  able  to  rerform. 
landings  in  3 ’-knot,  .rO-degrcc  crosswinds  using  .no  more  than  two-thirds  of  the  lateral  control ,  and  that 
roll  control  power  be  sufficient  to  prevent  structural  contact  during  the  landing  when  encountering  a 
20-foot  per  second  steo  lateral  gust  at  cr  .near  the  touchdown  noir.t.  It  is  further  required  that  b'ir.4 
excursions  be  iicld  to  no  more  tna.  30  degrees  during  the  transients  experienced  for  the  most  severe  "■> co¬ 
ncision  system,  faj lures  that  can  be  cxoccted  to  occur  in  s unersonic  fli(;hts.  The  dynamic  roll  rcsnor.se 
characteristics  arc  specified  in  ter  s  of  the  ratio  of  roll  rate  acceleration- to-ave rage  roll  rate  follow¬ 
ing  control  input.  It  is  also  specified  that  the  roll  rate  must  .never  revc-sc  following  a  roll  cc:**and. 


ChovFn  in  Figure  „•  are  the  roll  rcrfonance  requirements  specified  as  the  tia*  required  to 
achieve  a  given  bank  angle.  It  is  required,  for  example,  duri.-g  take-off  and  landing  that  the  airplane 
achieve  a  30-degrec  ban!  in  no  .--ore  chan  2-1/2  seconds  with  all  systems  operating  normally.  This  rc- 
quirerrent  is  relaxed  to  30  degrees  ir.  t-l/w  seconds  for  the  minima-,  safe  condition.  It  trill  be  noted 
that  the  roll  ncrfomance  requirements  shown  for  the  clean  configuration  at  s seeds  un  to  maxt-usi  operating 
spec;  and  steeds  ur>  to  the  r.oxi- w  dive  Greed  are  low  relative  to  some  current  s-ecifiCLtionr  for  large 
aircraft.  Tiic  GOT  roll  rcrfor~ar.ce  rcquirc.nents  were  desorr-i.ned  through  a  considerable  amount  of  flight 
simulator  cxrcri-  entation,  and  rever  of  the  roll  control  car&b’.litics  of  current  commercial  jet  oi rc rf-s't , 
This  work  was  ai-'cd  at  establishing  reasonable  levels  of  roll  rerfomancc  in  ur-and-avay  flight.  The 
•:r>’.cst  roll  performance  specified  appears  to  be  she  maximum  required  for  commercial  transoort  operation. 
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LATERAL  CONTROL 


a  SPECIFY  J!«£  TO  SANK 

a  HANDLE  TO  VfXI  9C°  CROSSWiNO  LANOINS  WIIK 
NO  MORE  THAN  23  LATERAL  CONTROL 

a  PREYENT  STRUCTURAL  CONTACT  OURINC  LANDING 
Y-ITH  TO  FT.'SEC  STEP  LATERAL  GUST  AT  TOUCHDOWN 

a  HOLD  BANK  ANGLE  EXCURSIONS  TO  VP  OR  LESS 
DURING  MOST  SEVERE  PROPULSION  SYSTEM 
FAILURES 

a  SPECIFY  DYNAMIC  RESPONSE.  SUCH  AS 

,>OSC.,f,AYG. 

a  ROLL  RATE  SHALL  NOT  REVcRSE  FOUDYINC  A 
ROU  COMMAND 


LATERAL  CONTROL 


ROLL  PERFORMANCE  REQUIREMENTS  SPECIFIED 
AS  TIME  TO  ACHIEVE  A  GIVEN  BANK  ANGIE. 


NORMAL  MINIMUM-SA'E 
CONFIGURATION  SYSTEMS  SYSTEMS 


TAKEOff  S  VP.  2.5  sac.  VP.  AS  $«. 
LANDING 

CLEAN  CONFIG.  UP.  7  MC.  Vf.  6  sec. 
U»  TO  VM 

CLEAN  COMIC.  Ufi.  II  ik.  yp.  II  sac. 
AT  V0 


figure  8  Figure  9 

The  foregoing  discussions  have  cited  some  examples  of  handling  qualities  criteria  developed  as 
a  result  of  one  designer's  attempt  to  review  critically  and  improve  upon  existing  criteria.  The  objective 
of  this  criteria  development  work  has  been  to  assure  a  safe  and  satisfactory  aircraft  design,  and,  wherever 
possible,  evolve  criteria  that  ease  the  design  constraints  imposed  by  previous  approaches  to  flying 
qualities  specifications.  In  this  regard,  the  supersonic  traiisport  studies  have  shown  that  substantial 
benefits  are  to  be  derived  in  the  areas  of  flight  safety  and  aircraft  performance. 


A  specific  example  of  the  performance  benefits  that  can  accrue  is  seen  in  the  new  approach  taken 
in.  the  establishment  of  longitudinal  stability  criteria.  As  noted  earlier,  this  approach  permits  loca¬ 
tion  of  the  aft  center  of  gravity  limit  sift  of  the  stability  neutral  point,  and  requirements  are  then 
speciiied  to  limit  the  maximum  xernitted  levels  of  standard  PLUS  8° c  day 


instability.  These  requirements  assure  that  ths 
longitudinal  balance  of  the  aircraft  and  the  design 
of  its  flight  control  system  will  nrovide  a  safe 
oirnlar.e  even  in  the  most  degraded  operating  state. 
Figure  30  illustrates  the  benefits  of  adopting  this 
approach  to  the  specification  of  handling  qualities 
criteria  for  the  longitudinal  axis.  For  the  Boeing 
S3?,  the  acceptability  of  the  unstable  all plane  was 
attained  through  the  development  of  a  stability 
augmentation  system  that  was  labeled  USAS.  Tnis 
chart  shows  the  payload/range  benefits  derived  from 
the  ipn roved  performance  achieved  for  the  airplane 
designed  to  these  criteria.  It  is  seen  that  a  range 
improvement  of  225  nautical  niles  was  attained  with 
the  HSA5  airplane.  Or,  more  significantly,  that  a 


reduction  in  payload  of  30  percent  would  be  required 


RANGE 


to  attain  the  same  range  without  the  3 '.SAC  concept. 


Figure  10 


The  achievement  of  performance  benefits  of  this  magnitude  should  be  a  strong  incentive  to  de¬ 
velop  new  approaches  to  ths  specification  of  handling  qualities  criteria  for  Supersonic  Transport  certi¬ 
fication.  Every  effort  should  be  made  to  assure  that  the  final  specification  does  not  inhibit  the  in¬ 
ventiveness  or  design  capability  of  the  aircraft  designer.  It  is  concluded  that  careful  composition  of 
the  specification  can  assure  safe  handling  qualities  for  all  regimes  of  flight  operation  and  at  the  same 
time  nrovide  the  designer  wi'.h  the  opportunity  to  dcvelcn  new  design  approaches  that  contribute  signi¬ 
ficant!;/  to  improved  aircraft  safety  and  economics. 
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OPEN  DISCUSSION 


R.P.  Harper,  Cornell  Aero  Lab,  USA 

Regarding  Che  plot  that  you  showed  of  the  allowable  instability,  what  was  behind  that  plot? 
Has  the  pitch  damper  with  the  hard  SAS  and  furthermore,  did  you  find  that  without  hard  SAS,  did  you 
get  a  different  result? 


W.T.  Kehrer,  Boeing,  USA  ^ 

That's  a  good  conment;  it  should  be  pointed  out  that  that  chart  is  very  specifically  our  air-  j 

plane  with  its  damping  characteristics  and  its  control  characteristics  both  in  terms  of  control  power  » 

and  feel.  Also,  the  visual  display  plays  a  very  important  part  in  that  chart.  I  would  not  want  to  2 

imply  that  that  chart  '-ould  be  applied  across  the  board  to  new  transport  aircraft.  j 

D.P.  Davies,  ARB,  UK  J 

! 

While  the  Certification  Authorities  can  promise  to  be  flexible  and  cooperative  in  terms  of  SST  j 

certification,  't  must  be  understood  that  eventually  firm  requirement  levels  must  be  established  for  i 

quantitative  handling  requirements.  j 

As  one  example,  the  following  roll  rates  are  offered  as  reasonable  minima:  ; 

normal  operation  10°/sec  I 

single  failure  case  6°/sec  i 

double  failure  case  5°/sec  j 

t 

Mr.  Kehrer’s  suggestions  in  the  failure  cases  fall  well  short  of  the  above  proposals.  His  value  of  3°/sec  i 

at  Mp  (presumably  all  engines  operating)  is  short  by  100%.  s 


H.T.  Kehrer,  Boeing,  USA 

We  had  a  great  deal  of  uncertainty  about  those  roll  rates,  and  here  possibly  is  a  limitation  of  the 
flight  simulation  facility.  Some  of  our  pilots  were  telling  us  that  for  this  corner  of  the  envelope  the 
only  requirement  was  that  when  he  puts  in  full  wheel  the  aircraft  should  roll  in  that  direction.  That 
is  how  we  arrived  at  that  low  level  of  30°  in  11  seconds.  However,  when  you  examine  a  time  history  of  the 
rolling  maneuver,  you  will  see  that  following  the  initial  rise  time  in  the  roll  response,  the  roll  rate 
will  stabilize  at  a  value  slightly  over  5  degrees  per  second,  to  achieve  the  30°  bank  in  11  seconds  cri¬ 
terion. 
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THE  ROLE  OF  PILOT  RATING  IN  THE 
DEVELOPMENT  OF  HANDLING  CRITERIA 

by 

Robert  P.  Harper,  Jr. 

Asst.  Head 

Flight  Research  Department 
Cornell  Aeronautical  Laboratory,  Inc. 
Buffalo,  New  York  14221 


Introduction 

Since  the  earliest  days  in  the  development  of  the  airplane  the  quality  of  handling  has  played  an 
important  role.  The  success  of  the  Wright  Brothers,  where  so  many  others  had  failed  before,  was  in 
large  part  due  to  their  successful  blend  of  performance  and  controllability.  Throughout  the  development 
of  the  airplane  success  has  seemed  to  lie  with  those  who  blended  these  two  ingredients  -  maximum 
performance  consistent  with  adequate  handling.  Performance  is  something  that  is  usually  specified  in 
terms  of  objective  measures  of  the  aircraft  motion  capabilities.  The  quality  of  handling  however,  is 
difficult  to  define  in  a  fashion  which  can  be  directly  measured  in  what  is  normally  termed  an  objective 
manner.  It  is  easy  to  make  the  general  statement  that  the  handling  quality  should  be  good,  but  it  is 
more  difficult  to  set  forth  specific  measurements  which  if  made  will  demonstrate  that  the  handling  is 
good  or  adequate. 

The  handling  qualities  are  characteristic  of  the  combination  of  the  airplane  plus  pilot  -  haniling 
implies  the  pilot's  control  of  the  airplane.  To  measure  the  quality  of  the  handling  one  must  character¬ 
ize  the  behavior  of  the  pilot/airplane  combination.  In  those  cases  where  the  pilot's  use  of  the  controls 
is  known,  and  the  effect  of  this  use  is  also  known,  a  direct  measurement  can  usually  be  made  of  the 
achievement  of  a  level  of  handling.  An  example  might  be  the  measurement  of  minimum  nose  wheel  lift¬ 
off  speed  as  one  of  the  elements  affecting  the  quality  of  handling  during  takeoff.  The  pilot's  use  of 
elevator  and  throttle  controls  can  be  specified  allowing  either  a  direct  measurement  of  the  lift-off 
speed  or,  in  the  design  stage,  a  calculation  of  that  speed.  Through  our  engineering  understanding  >f 
the  takeoff  maneuver,  the  relationship  of  that  speed  to  the  takeoff  speed  bears  on  the  adequacy  of 
pitch  controllability  during  takeoff. 

There  are  many  more  maneuvers  performed  by  the  pilol/airplane  combination,  though,  where 
either  the  use  of  the  pilot's  controls  is  unknown  or  the  effect  of  the  required  control  use  is  unknown. 

An  example  here  might  be  use  of  the  elevator  to  pull  "g"  in  air  combat  maneuvering.  In  pseudo- 
sleady-state  flight  conditions  we  can  measure  the  normal  acceleration  as  a  function  of  elevator  stick 
position,  but  we  don't  know  how  the  pilot  will  apply  the  elevator  stick  when  a  change  in  g  is  required. 
Since  we  do  not  have  adequate  analytical  models  of  the  role  of  the  pilot  as  a  controller,  we  must  use 
a  real  pilot.  When  the  pilot  does  pull  g  in  air  combat  maneuvering,  we  can  measure  the  time  history 
of  the  elevator  motion.  We  can  also  measure  many  characteristics  of  the  airplane  motions  during  the 
maneuvering  but  unless  we  can  relate  these  measurements  to  combat  success,  they  are  not  of  much 
direct  value  in  judging  the  quality  of  handling.  This  we  do  by  asking  the  human  intelligence  present 
in  the  control  loop  to  judge  the  probable  combat  potential.  To  do  this,  he  must  view  the  maneuvering 
capability  which  he  has  seen  in  the  light  of  the  control  activity  required  to  achieve  that  maneuverability 
and  come  up  with  a  quaiily  judgement  of  its  handling. 

Pilot  rating  is  an  index  which  reflects  the  pilot's  judgement  as  to  the  quality  of  the  handling  and 
is  one  portion  of  his  total  evaluation.  The  other  part  of  his  evaluation  is  commonly  referred  to  as 
pilot  comment  data  and  should  contain  commentary  on  the  nature  of  his  objections  to  and  difficulties 
with  the  handling.  Pilot  rating  is  not  a  rating  of  pilots,  it  is  a  rating  of  the  quality  of  handling  given 
by  the  pilot  controller. 

The  role,  then,  of  pilot  rating  is  to  provide  a  of  defining  the  quality  of  handling  in  those 

control  situations  where  a  direct  measurement  cannot  be  made  which  will  provide  a  meaningful  judge¬ 
ment  of  that  quality.  Generally  the  rating  itself  is  of  limited  meaning  without  the  associated 
commentary  as  to  the  nature  of  the  objections  which  led  to  the  rating.  The  combined  commentary 
ana  rating  data  are  referrea  to  here  as  the  pilot  evaluation.  It  should  be  mentioned,  too,  that  the 
pilot  comment  data  is  incomplete  as  evaluation  material  without  the  pilot  rating  since  the  latter 
provides  a  weighted,  overall  value  judgement  as  to  the  effect  of  the  various  objections  noted  in  the 
commentary. 

A  pilot  rating  scale  for  use  in  the  evaluation  of  handling  qualities  was  presented  to  the  AGARD 
Flight  Mechanics  Panel  in  1966  by  Cooper  and  Harper  (Reference  1)  and  after  some  revision  was 
published  (Reference  2}  as  NASA  TN-D-5I53.  The  pilot  rating  scale  presented  in  Reference  2  seems 
to  be  in  general  use,  among  the  NATO  countries  at  least.  The  use  of  pilot  rating  in  the  evaluation  of 
aircraft  handling  qualities  is  discussed  in  that  reference. 

Pilot  Evaluation  -  A  Discussion  of  Certain  Problems 

Probably  the  greatest  difficulty  with  pilot  ratings  has  to  do  with  the  attendant  need  fer  ac'  arate 
p:  it  comment  data  as  to  the  nature  of  his  objections  to  the  handling.  A  carefully  designed  and  executed 
experiment  is  required  in  order  to  obtain  accurate  and  complete  pilot  comment  data.  By  its  very  nature, 
this  commentary  is  almost  always  lengthy  and  cumbersome  to  deal  with.  Engineers  who  are  pressed  lor 
time  ard  who  must  produce  answers  often  neglect  or  even  completely  eliminate  pilot  comment  data  from 
their  data  collecting  experiment.  The  problem  is  not  that  they  wish  to  ignore  the  pilot  comment  data  - 
the  problem  is  to  digest  its  meaning  ana  summarize  the  findings  in  a  reasonable  length  of  time.  How  do 
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we  -  or  how  should  we  organize  our  experiments  and  question  our  pilots  so  as  to  ferret  out  the  important 
material  in  a  significantly  less  burdensome  manner? 


For  one  thing,  we  continue  to  need  a  better  understanding  of  the  dynamic  behavior  of  the  pilot/  j 

airplane  system  in  order  to  ask  better  questions  and  comprehend  the  answers  with  fewer  words  of  I 

explanation  on  the  part  of  the  pilot.  This  understanding  will  require  more  concentration  and  research 
into  the  nature  of  the  pilot/vehicle  system.  We  should  improve  our  analytical  models  (understanding)  t 

of  the  pilot  and  how  he  operates  as  an  airplane  controller  -  in  the  multiple  variable,  multiple  input  } 

control  situation  of  the  real  airplane.  To  do  this,  we  need  measurements  of  the  pilot's  dynamic  control 
behavior  in  the  actual  flight  phases,  so  that  we  can  better  understand  his  objections.  We  need  pilot 
ratings  to  go  with  those  measures  of  his  control  behavior,  and  we  need  pilot  commentary  to  assess  his 
view  of  his  control  problems.  With  these  data,  we  can  formulate  more  meaningful  models  of  him  as  a  ! 

controller  and  begin  to  predict  his  evaluation  results  in  new  situations. 


Even  without  analytical  models  of  the  real  pilot,  we  need  to  develop  improvements  in  our 
methods  of  obtaining  pilot  comment  data.  The  manner  in  which  this  is  presently  done  is  that  the 
engineer  (with  the  help  of  the  evaluation  pilot  or  someone  who  represents  his  view  and  experience  in 
the  flight  phase)  formulates  questions  based  upon  his  understanding  of  the  evaluation  that  is  to  be 
conducted,  and  his  a  priori  knowledge  of  the  results  for  which  he  is  looking.  Free  commentary  by  the 
evaluation  pilot  is  solicited  in  order  to  cover  those  aspects  of  the  evaluation  results  which  were  not 
anticipated  or  adequately  covered  in  the  questionnaire.  It  is  oar  experience  at  CAL  that  even  with  the 
revision  of  questionnaires  following  a  preliminary  evaluation  phase,  the  pilot  commentary  is  long  and 
drawn  out.  Good,  solid,  substantial,  important  information  is  present  in  these  comment  data  but  it 
requires  careful  reading  and  analysis,  re-reading  and  re-analysis  of  the  pilot  commentary  to  ferret 
out  the  important  information. 

Thus  it  is  basically  a  communication  problem.  We  don't  know  enough  to  ask  the  correct  questions 
before  we  conduct  the  experiment.  In  his  commentary  the  pilot  must  answer  or  is  forced  to  answer  our 
inept  questions  and  in  addition  has  to  communicate  his  unanticipated  piloting  difficulties  and  observations 
to  the  engineer.  The  pilot  sees  and  must  describe  the  pilot/airplane  combination  to  the  engineer  who 
fundamentally  thinks  in  terms  of  the  airplane  alone.  Thin  difficulty  is  further  compounded  by  the  fact 
that  the  pilot  (hopefully)  describes  that  which  he  sees  in  a  language  familiar  to  him  -  one  that  is  some¬ 
times  unfamiliar  to  the  engineer.  Clearly  an  improved  understanding  of  the  pilot/vehicle  system  will 
greatly  aid  the  engineer  in  the  formulation  of  his  questions  and  in  the  analysis  of  the  pilot  commentary. 

Improved  understanding  of  the  pilot/vehicle  system  is  not  the  entire  answer.however,  for  if  we 
knew  the  pilot/airplane  system  well  enough  to  ask  all  of  the  proper  questions,  there  would  be  little 
need  for  the  conduct  of  the  evaluation  experiment.  We  must  therefore  live  with  some  lack  of  under¬ 
standing  of  the  pilot/vehicle  system.  It  is  in  this  situation  that  we  should  seek  an  improved  means 
by  which  the  pilot  is  aided  in  logically  communicating  his  (unanticipated)  observations  and  objections 
to  the  engineer.  The  author  of  this  paper  solicits  the  attention  of  the  audience  (and  readers)  to  this 
area  of  need.  New  ideas  and  approaches  are  needed. 


As  mentioned  earlier,  the  difficulties  which  are  often  encountered  with  pilot  comment  data  can 
lead  the  engineer  to  set  aside  or  ignore  the  comment  data  and  concentrate  on  the  pilot  ratings.  Ratings 
are  numbers  (at  least  in  current  rating  schemes)  which  the  engineers  can  feel,  weigh  and  manipulate  - 
and  plot.  The  pilot  rating  numbers  tell  the  story  of  how  the  pilot  weighed  what  he  has  seen,  but  no 
amount  of  manipulation  will  extract  from  the  numbers  the  reasons  which  cause  the  pilot  to  select  that 
number. 


Since  one  overall  rating  does  not  give  us  the  nature  of  the  pilot's  objections,  some  researchers 
have  been  led  into  a  number  rating  system  for  each  of  the  3reas  of  evaluation  upon  which  the  engineer 
wants  the  pilot  to  comment.  The  elevator  stick  forces,  the  pitch  damping,  the  roll  control  power  and 
so  forth  are  each  weighed  on  a  scale  of  goodness  from  1  to  some  number.  Frequently  the  pilot  rating  scale 
of  Reference  2  is  used  to  quantify  each  comment. 

There  are  pro's  and  con's  to  this  practice.  In  ue  sense  the  objective  of  standardizing  the 
pilot's  evaluation  language  is  a  commendable  one.  For  example,  if  the  elevator  stick  forces  were 
referred  to  as  light  in  one  evaluation  and  good  in  another  evaluation,  are  these  comments  really 
different?  Obviously  one  cannot  tell  without  more  information.  If,  however,  the  pilot  had  used  a 
standard  set  of  descriptors  to  characterize  his  quality  evaluation  of  the  elevator  forces,  this 
uncertainty  would  not  exist.  But  on  the  other  hand,  misuse  of  such  numerical  descriptions  can  be 
troublesome  and  logically  difficult.  If  numbers  are  used  does  one  average  the  numbers  to  arrive  at  a 
conclusion?  If  the  scale  of  Reference  2  is  used  to  quantify  comments,  is  it  possible  to  have  the  elevator 
stick  forces  rated  poorer  than  6.  5  but  arrive  at  an  overall  rating  of  the  configuration  better  than  6.  5  ? 

It  would  seem  to  be  an  unnecessary  complication  to  introduce  multiple  uses  of  the  same  scale  in  one 
experiment. 

The  terms  pitch  damping  and  lateral  control  power  were  introduced  above  to  point  out  the  fact 
that  engineers  often  ask  questions  about  the  airplane  -  alone  characteristics,  without  specifying  that  the 
evaluation  pilot  perform  a  specific  test  to  permit  evaluation  of  that  characteristic.  Without  this  direction 
on  the  part  of  the  engineer,  the  pilot  will  likely  perform  some  combined  pilot/airplanc  operation  and 
comment  on  some  observable  characteristic  of  this  combined  behavior.  He  thus  may  be  answeiing  the 
question  which  the  engineer  did  not  ask. 

Some  Troublesome  Aspects  of  Pilot  Rating  Data 

In  the  earlier  days  of  handling  quality  evaluations,  the  most  controversial  aspect  as  to  the  role  of 
pilot  rating  in  the  development  of  handling  criteria  was  centered  on  whether  pilot  evaluations  were  any 
more  meaningful  than  man-on-thc-strect  opinion.  This  concern  has  been  suppressed  by  the  expert 
evaluator  concept  of  the  evaluation  pilot.  The  evaluation  pilot  is  not  a  m&n-on-the-street  opinion  giver.  He 
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is  an  expert  subject  conducting  a  flight  task  for  which  he  is  well  trained.  It  is  his  job  to  evaluate  the 
combined  pilot/airplane  capability  for  the  use  and  to  describe  his  difficulties  >vith  and  objections  to  the 
particular  set  of  characteristics. 

This  is  not  to  say  that  all  skepticism  as  to  the  validity  of  pilot  evaluations  and  pilot  rating  data 
have  been  laid  aside.  In  fact  the  skeptics  frequently  point  to  the  different  ratings  given  by  different 
pilots  when  supposedly  evaluating  the  same  configuration.  If  the  pilots  don't  agree  in  their  evaluation 
results,  how  then  can  we  put  much  stock  in  their  answers? 

Let  it  be  said  that  in  the  author's  experience  pilot  rating  results  are  reliable  and  in  good  agree¬ 
ment  both  among  pilots  and  with  one's  self  in  repeated  evaluations  of  the  same  characteristics.  This 
opinion  presupposes  a  carefully  planned  and  executed  experiment.  Significant  differences  in  pilot 
rating  should  serve  as  warning  flags  to  alert  the  engineer  to  potential  deficiencies  in  his  experiment. 

If  pilot  rating  differences  do  occur,  several  sources  for  these  differences  should  be  examined.  First, 
be  sure  that  the  characteristics  which  are  being  evaluated  are  actually  the  same.  Although  mistakes 
are  generally  rare,  they  do  occur  -  switches  get  thrown  the  wrong  way,  knobs  are  set  wrong  and  so 
forth.  For  these  reasons,  calibration  data  should  be  recorded  for  each  configuration  under  evaluation 
which  may  be  retrieved  later  and  compared.  Next,  be  certain  that  the  pilots  are  conducting  the  same 
experimental  evaluation  -  that  they  envision  the  same  intended  use  and  examine  the  same  combination 
of  piloting  tasks,  that  they  envision  the  same  evaluation  situation  in  terms  of  environmental  conditions, 
number  of  crew  members,  turbulence  and  so  forth.  Look  at  the  apparent  weighting  given  by  the 
individual  pilots  to  the  particular  elements  of  the  evaluation. 

If  the  above  considerations  do  not  offer  reasonable  explanations  for  rating  differences,  look  for 
other  causal  factors  and  classify  these  as  to  their  relevance  in  the  experiment.  One  area  which  is 
often  pointed  to  as  a  source  of  pilot  rating  differences  is  the  experience  and  backgrounds  of  the  pilots. 

Since  in  most  evaluation  experiments  the  set  of  evaluation  subjects  is  small,  one  might  expect  significant 
differences  in  experience  and  background  among  the  subjects.  Therefore  any  rating  differences  could  be 
expected  to  correlate  with  these  differences  in  background.  Such  correlation  is  often  meaningless  and 
can  hide  real  causes  of  rating  differences.  Pilot  rating  differences  can  be  on  occasion  attributed  to 
evaluation  pilot  attitude  or  set.  One  example  is  the  tiger  who  has  a  feeling  that  he  can  fly  anything  - 
that  all  airplanes  are  good,  some  are  just  more  demanding  than  others.  Other  subjects  may  not  be 
tigers  in  that  sense  but  do  not  have  the  range  of  evaluation  experience  to  realize  that  airplanes  can  be 
made  better  than  those  particular  ones  which  they  have  flown.  Both  of  these  attitudes  lead  to  pilot 
ratings  of  a  quality  better  than  would  appear  to  be  justified.  These  attitudes  can  almost  always  be 
favorably  affected  by  seeing  to  it  that  the  evaluation  pilot  experiences  early  in  the  evaluation  program 
a  range  of  flying  qualities  from  good  to  unflyable.  The  tiger  is  forced  to  admit  there  are  some  things 
that  even  he  can't  fly,  and  the  under-experienced  or  highly  specialized  evaluator  has  his  eyes  opened 
.hrough  experiencing  handling  qualities  different  than  he  had  ever  imagined. 

Even  with  careful  attention  to  these  details  of  experimental  design.one  will  still  experience  some 
variability  in  the  pilot  rating  results.  This  variability  which  remains  should  be  carefully  examined,  for 
it  may  represent  a  sensitivity  of  the  handling  qualities  to  normal  variability  in  the  capabilities, 
techniques,  and  strategies  of  the  subject  pilot  population  which  the  evaluation  pilot  hopefully  represents. 

One  set  of  handling  characteristics  is  not  necessarily  of  the  same  quality  when  mated  with  the  full  range 
of  variability  of  the  subject  pilot  population.  Some  sets  of  handling  characteristics  may  well  be  more 
sensitive  to  this  variability  in  the  pilot  population  than  others,  and  this  sensitivity  information  is  an 
important  characteristic  of  the  handling- qualities. 

Almost  nothing  is  presently  known  about  this  sensitivity  to  pilot  variability.  One  might  expect 
that  it  would  have  its  greatest  effect  near  the  limits  of  pilot  capability  -  that  is,  in  the  control  of 
configurations  which  would  be  rated  at  the  unflyable  or  lower  e.  d  of  the  pilot  rating  scale.  It  is  here 
that  pilot  skill  and  technique  may  have  a  significant  effect  on  the  safety  and  controllability  of  the  pilot/ 
vehicle  combination.  Most  evaluation  pilots  implicitly  consider  this  factor  in  that  they  consider 
variations  in  the  piloting  capability  -  variations,  at  least,  in  their  own  capability  when  tired  or  otherwise 
degraded  in  ability.  The  full  extent  of  the  effect  of  pilot  variability  can  probably  only  be  determined  by 
experiment.  A  relatively  large  sample  size  and  a  representative  sample  which  includes  the  extremes 
of  pilot  variability  would  be  required.  The  difficult  thing  is  to  assure  that  one  in  his  sample  has  a  really 
meaningful  range  of  pilot  capability. 

This  brings  us  to  a  final  area  of  pilot  rating  to  be  considered  here.  The  region  of  the  pilot  rating 
scale  of  Reference  2  below  (worse  than)  the  rating  of  6  involves  the  handling  qualities  region  where  the 
evaluation  pilot  considers  the  airplane  inadequate  for  the  intended  use.  The  scale  really  considers 
two  possibilities: 

1.  The  objectionable  characteristics  are  such  that  the  configuration  is  considered 
inadequate  for  the  intended  use  but  controllability  is  not  in  question. 

2.  The  objectionable  characteristics  are  such  that  the  configuration  is  inadequate 
for  the  intended  use  and  the  controllability  is  in  question. 

If  controllability  is  not  in  question,  the  rating  7  is  assigned.  The  ratings  8-10  are  assigned 
according  to  the  amount  of  pilot  compensation  required  when  controllability  is  ir,  question.  Controllability 
in  this  region  of  the  scale  (above  10  but  worse  than  6)  is  such  that  the  precision  of  contn  •  is  inadequate 
for  the  flight  phase  with  a  tolerable  pilot  workload.  When  controllability  is  in  question  (ratings  8  and  9)  " 
substantial  pilot  compensation  is  required  lo  accomplish  the  task  safely.  Thus  adequacy  in  control  is 
assumed  to  be  a  level  of  quality  higher  than  minimum  safe  control  in  that  cither  better  precision  of  control 
is  achieved,  or  that  significantly  less  compensation  is  required  on  the  part  of  the  pilot.  Questions  have 
been  raised  at  CAL  during  evaluations  in  the  landing  flight  phase  as  to  what  constituted  adequacy  as 
compared  with  minimum  controllability.  Isn't  the  adequacy  limit  (PR=6.  5)  the  sarre  as  the  controllability 
limit  (PR=9. 5)  for  a  landing0  Although  there  is  a  difference  in  most  pilots'  (and  passengers')  minds  between 
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an  adequate  landing  and  a  minimum  controllable  one,  the  answer  is  largely  in  the  amount  of  pilot 
compensation  required,  and  the  dependence  of  the  landing  success  upon  the  presence  of  that  amount  of 
compensation.  This  method  of  categorizing  inadequate  configurations  has,  a3  far  as  the  author  is  aware, 
provid<  d  a  logical  basis  for  handling  evaluations  to  date.  The  possibility  exists,  however,  that  among 
the  orj  anizations  using  this  scale,  other  experience  may  be  contrary  and  should  therefore  be  brought 
to  light. 

One  concept  which  the  rating  scale  of  Reference  2  does  not  treat  is  the  probability  of  loss  of 
control.  In  the  ratings  8,  9,  and  10,  controllability  is  treated  in  terms  of  the  pilot  compensation 
required  for  control.  For  the  ratings  8  and  9  successful  control  can  be  retained  to  accomplish  the 
intended  tasks  but  substantial  pilot  compensation  is  required  to  accomplish  it.  For  the  rating  10  the 
amount  of  pilot  compensation  required  is  such  that  the  evaluation  pilot  believes  control  will  be  lost 
during  some  portion  of  the  required  operation. 


The  difficulties  for  the  evaluation  pilot  in  applying  this  scale  can  best  be  illustrated  by  considering 
the  landing  task  in  turbulence.  A  rating  of  7  might  be  given  because  too  much  compensation  is  required 
on  the  part  of  the  pilot  to  obtain  an  adequate  landing  performance.  The  rating  8  or  9  would  be  assigned 
when  substantial  pilot  compensation  is  required  for  control, and  control  here  would  be  such  as  to  achieve 
a  safe  landing.  If  less  pilot  compensation  was  supplied  or  if  the  magnitude  of  the  disturbances  were 
quite  unusually  large;  there  would  be  some  expectation  or  probability  of  exceeding  the  sink  rate  at 
touchdown  limits,  for  example,  and  sustaining  actual  aircraft  damage. 


As  noted  above,  extreme  variations  in  pilot  capability  could  also  result  in  structural  damage  for 
airplanes  rated  8  or  9.  The  judgement  as  to  these  probabilities  is  left  to  the  evaluation  pilot,  primarily 
for  the  lack  of  any  known  better  way  of  handling  these  probabilities  or  these  uncertainties. 


Two  other  factors  are  important  in  the  rating  8,  9,  and  10  portion  of  the  scale.  One  factor 
is  the  state  of  training  of  the  pilot  to  whom  these  handling  characteristics  are  subjected.  This  judgement, 
too,  is  left  to  the  evaluation  pilot  but  is  certainly  one  to  ponder  and  carefully  define  in  setting  up  the 
experiment.  Another  factor  to  be  defined  is  the  circumstance  under  which  the  pilot  is  given  these  flying 
qualities.  For  routine  handling  qualities  experiments  for  criteria  development,  concentration  is  upon 
the  circumstance  that  the  airplane  under  evaluation  comes  with  these  characteristics.  The  pilot  does  not 
generally  assume  that  he  is  suddenly  confronted  with  these  characteristics  under  conditions  of  large 
initial  disturbance.  Therefore  one  must  be  cautious  in  the  application  of  these  general  results  to  specific 
problems  concerning  sudden  failure  of  flight  control  systems.  In  the  absence  of  more  definitive  data  for 
those  specific  circumstances,  one  would  probably  require  characteristics  of  the  rating  7  level  if  at  all 
possible. 


In  summary,  it  might  be  said  that  although  substantial  improvements  have  been  made  in  the 
evaluation  of  pilot/airplane  dynamics,  there  are  a  number  of  troublesome  areas  in  the  execution  of 
handling  qualities  experiments,  and  in  the  analysis  and  application  of  the  resulting  data.  Several  of 
these  problem  areas  have  been  noted  here,  and  while  some  discussion  has  been  offered,  too  few 
solutions  are  presented.  It  is  hoped  that  these  problems  and  others  will  be  discussed  at  this  meeting  and 
a  stimulus  given  toward  the  solution  of  these  problems.  It  is  likely  that  total  solutions  will  not  be  rapidly 
forthcoming;  however,  an  evolutionary  improvement  is  both  desired  and  foreseen. 
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On  reading  the  paper  by  Bob  Harper  yesterday  I  was  very  disappointed.  I  had  no  questions  to  ask  him.  1 
totally  agreed  with  his  point  of  view.  It  is  a  very  unpleasant  position  for  a  discussort  So,  I  shall 
make  only  some  comments  on  his  very  interesting  paper  and  leave  the  discussion,  if  necessary,  to  the 
audience. 

My  first  remark  shall  be  about  the  use  of  the  Cooper-Harper  scale.  We  cannot  use  this  scale  to  rate 
anything.  We  use  some  scales  in  order  to  rate  for  instance  the  work  of  pupils  at  school,  the  perform¬ 
ance  of  ski  Jumpers  at  Olympic  games,  the  taste  of  cakes  if  necessary,  but  all  these  scales  are  not 
Cooper-Harpor  scales.  We  have  to  be  very  careful  to  use  the  Cooper-Harper  scale  only  as  an  index  for 
evaluating  the  pilot  workload  and  nothing  else  -  namely  not  for  evaluating  the  effectiveness  of  a  pitch 
dampar  or  the  validity  of  lateral  control  power.  We  can  only  use  the  Cooper-Harper  scale  to  evaluate 
the  modification  of  workload  due  to  a  modification  of  a  damper  or  due  to  a  modification  of  the  control 
power. 

I  think  it  is  also  very  important  to  insist  as  a  point  related  to  the  last  one  that  rating  seven  or  ten 
does  not  mean  that  the  aircraft  is  unacceptable  -  it  means  only  that  the  index  qualifying  the  workload 
is  seven  or  ten  and  nothing  else.  In  certain  cases  tha  rating  ten  can  be  acceptable  if  the  corresponding 
tsatsd  flight  case  is  highly  improbable  and  the  rating  four  can  be  unacceptable  if  the  tasted  flight  case 
corresponds  to  a  daily  situation. 

And  now  lot  us  have  a  look  at  the  problem  of  divergence  between  pilots. 

Whan  I  gave  my  definitions  of  controls,  selected  end  true  configurations,  state  of  the  aircraft,  state 
of  the  atmosphere,  state  of  the  runway  and  task,  it  was  precisely  to  be  sure  that  the  pilots  were  doing 
exactly  the  earns  Jobs.  As  you  have  said,  it  is  possible  to  record  a  number  of  parameters  in  order  to  be 
sure  that  the  task  is  the  right  one.  It  is  true  for  checking  the  selected  configuration,  tha  failure 
situation,  the  mass  and  the  c.g.  location,  even  for  checking  the  state  of  the  atmosphere  by  making  some 
turbulence  measurements  for  instance.  But  there  are  two  things  that  wa  cannot  chock  by  a  record  for 
the  moment. 

The  first  is  the  definition  of  the  objective  of  the  aubphaae.  When  1  aay  "the  definition  of  the  objective" 
I  speak  mainly  about  the  tolerances.  Remember  that  the  objective  of  a  aubphaae  is  given  with  tolerances, 
taking  into  account  the  possibility  of  performing  the  next  subphase.  Generally  these  tolerances  are  not 
strictly  specified  to  the  pilots,  and  they  can  be  estimated  differently  by  them.  It  is  evident  then  that 
the  workload  can  ba  different  if  the  pilot*  are  trying  to  obtain  different  precisions  of  control. 

Another  thing  which  cannot  be  checked  by  records,  at  least  for  the  moment,  is  the  flight  technique.  In 
the  definition  of  the  task  we  have  included  the  flight  technique,  which  is  the  relationahip  the  pilot 
tries  to  maintain  between  various  parameters  such  as  speed,  altitude,  angle  of  attack,  bank  angle,  and 
so  on.  It  is  fundamental  to  describe  clearly  and  precisely  what  flight  technique  la  to  ba  used,  since 
some  confusion  can  arise  if  different  flight  techniques  are  used  by  different  pilots. 

Another  remark  you  have  made  concarns  the  psychology  of  the  pilots.  Tou  have  spoken  only  about  one  type 
of  tiger  -  the  tiger  who  gives  only  good  ratings.  I  know  of  another  type  -  the  tiger  who  gives  only  bad 
ratings  thinking  that  he  has  been  able  to  land  the  flying  machine  only  because  he  is  so  clever  and  skillful! 
I  think,  like  you,  that  it  ia  necessary  to  maka  a  precise  choice  through  the  teat  pilots,  taking  into 
account  these  psychological  factors.  We  have,  1  think,  an  equivalent  problem  for  simulation  pilots  who 
have  to  accept  the  artificial  situation  of  the  simulator.  The  evaluation  pilots  have  to  evaluate  the 
workload  and  not  evaluate  their  own  skill.  I  think  that  a  serious  psychological  training  effort  is 
necessary  to  obtain  this  result. 
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A  great  number  of  things  could  be  said  about  the  problems  of  training  and  axperienee  of  evaluation  pilots, 
but  we  do  not  have  enough  time  and  I  prefer  to  spend  some  time  on  the  interpretation  of  the  scale.  When 
a  pilot  is  fulfilling  a  task  he  has  two  objectives: 

-  First,  he  has  to  observe  what  I  call  the  ianediate  safety  of  the  aircraft.  In  other 
words,  he  has  to  maintain  within  the  limits  tha  different  flight  parameters  like 
attitudes  and  angle  of  attack;  if  any  one  of  these  parameters  crosses  the  limit  there 
is  an  ianediate  risk  of  an  accidant. 

-  Second ,  he  has  to  observe  what  1  call  the  short-term  safety,  in  other  words  the  toler¬ 
ances  of  the  objective  of  the  subphase.  If  he  cannot  obsarve  thase  tolerances  there 

is  another  risk  of  an  accident  since  he  cannot  begin  the  next  aubphaae  in  good  position. 

Some  experiences  have  shown  that  when  we  artificially  incrsaae  the  workload  of  tha  pilot,  for  inatanca  by 
modifying  the  apparent  Inertial  and  aerodynamic  characteristics  using  a  variable  stability  aircraft,  tba 
pilot  can  observe  the  two  types  of  safety  until  a  certain  leval  of  dsgradation  is  reached.  Then  he  leaves 
the  observation  of  the  short-tern  safety  to  observe  only  the  ianediate  safety.  For  a  second  level  of  degra¬ 
dation  the  pilot  cannot  even  observe  the  immediate  safety  and  loose*  control  of  the  aircraft. 

To  sy  mind  the  first  level  of  degradation  corresponds  to  the  rating  6*5,  or,  more  precisely,  to  the  jump 
from  the  one-to-six  range  to  the  seven-to-tsn  r+  je ,  because  6.5  means  nothing.  Indead,  we  could  use  letters 
instead  of  numbers  and  1  don't  know  exactly  the  ..caning  of  F.5.  Similarly,  tba  second  level  of  degradation 
corresponds  to  the  Jump  from  the  six-to-nine  range  to  the  ten  rating. 


1  think  that  what  I  have  said  is  exactly  the  same  thing  that  Bob  Harper  has  presented  in  his  paper,  but  not 
with  the  same  words.  So,  for  ratings  from  one  to  six  the  pilot's  woridoad  is  increasing  but  he  can  fulfill 
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the  task.  From  seven  to  nine  the  pilot  provides  his  Maximal  work  and  has  to  leave  a  part  of  his  objec¬ 
tives  in  order  to  control  his  aircraft.  For  a  rating  of  ten,  the  pilot  cannot  even  control  the  aircraft. 

To  stun  up,  the  scale  from  one  to  six  is  an  index  for  workload  increasing  from  near  sero  to  one  hundred 
percent.  The  scale  froa  aevan  to  nine  is  an  index  for  the  difficulty  the  pilot  has  in  controlling  the 
aircraft  and  a  rating  of  ten  means  that  the  pilot  has  lost  control. 

To  obtain  a  rating  from  the  pilot  we  have  to  ask  him  three  Questions: 

-  First  question  -  Have  you  lost  control  of  the  aircraft?  If  the  answer  is  yes,  the  rating 
is  ten.  If  the  answer  is  no,  we  ask  the  next  question. 

-  Second  question  -  Have  you  observed  the  tolerances  of  the  objective  of  the  subphase?  If 
the  answer  is  no,  the  rating  is  seven,  eight  or  nine.  The  choice  between  these  three 
values  depends  on  the  hesitation  of  the  pilot  to  answer  the  two  questions.  If  he  has 
answered  no  to  the  first  question  with  hesitation  (it  was  a  "no  but")  the  rating  is  nine. 

If  he  has  answered  no  to  the  second  question  with  hesitation  (it  was  again  a  "no  but")  the 
rating  is  seven.  If  there  was  no  hesitation  for  both  the  first  and  second  questions  the 
rating  is  eight.  And  now  if  the  answer  to  the  second  question  is  yes  the  rating  is  in  the 
one-to-six  range  and  we  have  to  ask  another  question  to  precisely  establish  the  workload. 

-  Third  question.  I  think  it  is  here  that  the  main  difficulty  occurs  with  the  evaluation 
scale.  He  can  use  descriptions  of  the  workload  as  they  are  used  in  the  scale  proposed  by 
Messrs.  Cooper  and  Harper.  Personally  I  think  it  is  difficult  to  make  a  choice  between 
six  possible  cases.  So  I  would  propose,  although  I  have  not  for  the  moment  good  reasons 
to  demonstrate  that  it  is  a  better  way,  that  we  ask  the  following  question  -  Was  the  work¬ 
load  higher  than  the  msviimnn  workload  admissible  for  daily  use?  With  the  answers  of  yes , 
no,  and  no  but  possible,  it  is  then  poaslble  tc  further  subdivide  the  first  range  of  the 
rating  scale  into  three  parts  corresponding  to  the  ratings  froa  one  to  six.  The  aain 
problem  is  to  be  sure  that  every  pilot  agrees  on  the  meaning  of  aaxiaua  workload  admis¬ 
sible  for  daily  use. 

I  think  that  I  have  spoken  enough  for  now  and  that  it  would  be  the  right  time  to  open  the  discussion 
with  the  audience. 
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OPEN  DISCUSSION 


A.G.  Barnes,  UK  (Co  Mr.  Manner) 

The  suggestion  of  Mr.  Wanner  Chat  pilot  rating  Is  only  a  rating  of  workload  Is  superficially 
attractive,  but  seems  to  me  to  be  unduly  restrictive.  It  prevents  the  pilot  from  including  in  his 
rating  his  background  experience,  and  his  ability  to  extrapolate  to  the  circumstances  for  which  the 
rating  is  needed.  For  example,  in  still  air,  with  decreasing  aircraft  stability  we  would  still  get 
good  ratings.  For  the  same  aircraft  in  turbulence,  the  aircraft  would  be  bad  (the  pilot  rating  would 
reflect  turbulence  level).  If  the  pilot  only  rated  workload  for  a  set  task  (and  he  is  probably  a  poor 
judge  of  workload)  then  we  would  lose  that  part  of  the  pilot's  judgment  which  says  that  "in  this  case  I 
was  able  to  perform  well,  but  I  could  not  do  it  every  time". 

Mr.  Wanner,  French  Air  Force,  France 

I  totally  disagree  with  your  point  of  view.  I  think  that  we  can't  ask  the  pilot  co  Imagine  what 
the  aircraft  would  be  like  in  another  condition.  For  your  example  the  pilot  could  not  imagine  what  could 
be  the  handling  qualities  with  turbulence,  if  he  has  never  flown  the  aircraft  in  these  conditions. 

Sqn  Ldr  D.C.  Scouller,  RAF/ETPS,  UK 

I  think  it  is  necessary  to  distinguish  between  pilot  opinion  and  performance.  You  yourself  cite 
the  case  of  the  "tiger"  pilot  who  distorts  the  results.  I  submit  that,  provided  one  uses  objective 
evaluation  pilots,  carefully  defines  their  task,  and  gives  them  some  training  in  that  task,  they  should 
give  similar  opinion  ratings,  but  their  performance  may  be  different. 

R.P.  Harper,  Cornell,  USA 

It  is  advisable  to  give  a  pilot  a  complete  range  of  conditions  at  the  beginning  of  the  program 
tc  handle  the  "tiger"  pilots  who  say  they  can  fly  anything.  This  will  force  them  to  admit  that  there 
are  aircraft  that  they  can't  fly  and  10's  will  result.  There  are  many  things  that  go  into  an  experiment 
and  there  is  a  need  for  a  lot  of  planning  prior  to  the  experiment. 


12-1 


CRITERIA  TOR  STALL  AND  POST  STALL  GYRATIONS 

by  C.J.  Hancock,  Department  of  Aeronautical  Engineering, 
Queen  Mary  College  (diversity  of  London) 

London ,  England 


SIMMARY 


The  handling  requirements  as  laid  down  by  the  B.C.A.R.  are  described,  problem  areas  associated 
with  the  interpretation  of  the  regulations  are  discussed. 


INTRODUCTION 


The  purpose  of  this  note  is  to  outline  some  of  the  problems  associated  with  the  handling  characteris¬ 
tics  during  approaches  to,  and  excursions  beyond,  those  operational  limits  of  present  day  commercial  air¬ 
craft  which  .are  related  either  to  their  stall  characteristics  or,  for  certain  configurations,  such  as 
slender  configurations,  to  their  rate  of  climo  capabilities. 


In  normal  operation  satisfactory  handling  qualities  are  primarily  assessed  on  the  niceness  of  control 
which  is  oased  objectively  on  the  overall  stability  and  control  characteristics  and  subjectively  on  collec¬ 
tive  pilot  opinion;  it  is  implied  that  a  high  degree  of  safety  is  incorporated  once  the  handling  aspects 
are  acceptable.  However-  in  the  stall  and  post  stall  regimes,  or  alternatively  in  the  neighbourhood  of  a 
minimum  flight  speed  condition,  safety  is  paramount,  hence  stringent  airworthiness  requirements  have  evolved 
which  are  aimed  at  ensuring  satisfactory  dynamic  behaviour  for  virtually  all  possible  high  angle  contingen¬ 
cies:  handling  qualities  are  deemed  satisfactory  when  recovery  from  post  stall  gyra’.'ons  has  been  adequately 
demonstrated.  Therefore,  a  description  of  the  handling  qualities  in  the  stall  environment  leads  directly 
to  a  discussion  of  the  stall  requirements  as  they  are  applied  in  flight  test  procedures  and  in  operational 
flying. 


As  already  stated  the  emphasis  is  on  commercial  aircraft,  outlining  in  the  main  the  attitude  in  the 
U.K.,  as  reflected  in  the  British  Civil  Airworthiness  Requirements  of  the  Air  Registration  Board.  It  is 
hoped  that  points  of  divergence  from  other  countries  will  arise  in  the  discussion  at  this  conference. 

It  is  easy  to  appreciate  why  the  stall  requirements  continue  to  present  problems.  Airworthiness 
requirements  incorporate  past  experience,  which  by  now  is  not  inconsiderable,  whilst  endeavouring  to  meet 
current  trends.  But  modern  configurations  cover  a  wide  range  in  shape  and  site  from  the  swept  conven¬ 
tional  aircraft,  often  with  its  ill  defined  stalling  characteristics,  to  the  slender  aircraft,  when  con¬ 
ventional  stall  no  longer  occurs,  to  the  V/STOL  breed  of  aircraft  where  power  and  aerodynamics  are  inextri¬ 
cably  bound  up  together.  Necessarily  the  stall  requirements  can  only  be  phrased  in  qualitative  terms  and 
often  it  is  in  the  interpretation  of  these  requirements  for  specific  aircraft  that  difficulties  arise. 

No  one  will  dispute  the  basic  philosophy  of  relating  the  airworthiness  requirements  and  those 
operational  limitations  applicable  to  the  low  speed  flight  of  the  stall  condition,  or  to  some  alternative 
minimum  flight  speed.  Factors  are  applied  to  fix  the  operational  limitations-which  then  permit  adequate 
margins  for  manoeuvring,  to  allow  for  probable  speed  variations,  and  to  prevent  reasonably  prebn  le 
meteorological  disturbances  from  stalling  the  aircraft.  In  the  rare  events  that  take  an  aircraft  inad¬ 
vertently  beyond  its  low  speed  operational  limitations  then  unmistakeable  stall  warning  must  be  present  to 
inform  the  pilot  of  what  is  happening,  and  in  the  even  rarer  event  of  excursion  beyond  the  stall,  ability 
to  recover,  relatively  quickly,  is  imperative.  In  practice  safety  factors  appear  to  be  well  chosen  from 
the  point  of  view  that  a  satijfactory  level  o-'  safety  has  been  achieved  in  low  speed  flight;  typical 
quoted  figures  suggest  that  the  probability  of  reaching  the  stall  warning  is  of  the  order  of  1  ir.  10  B, 
while  the  probability  of  occurrence  of  stall  i  -if  the  order  of  1  in  10s. 

Understanding  of  .'•he  reasons  for  the  effectiveness  of  the  various  safety  factors  is  not  in  any  way 
complete;  the  overall  factors  have  been  empirically  established  over  the  years  but  the  breakdown  into 
proportions  which  allow  individually  for  manoeuvring,  speed  variability,  and  turbulence  is  not  available; 
this  gives  rise  to  difficulty  in  fbrmulating  equivalent  factors  for  new  configurations  which  follow 
novel  operational  procedures. 

The  definition  of  the  datum  for  the  minimum  speed  in  steady  level  flight,  the  specification  of  the 
factors  of  safety,  the  demonstration  of  satisfactory  dynamic  behaviour  in  inadvertent  excursions  beyond 
the  operational  limits  have  important  repercussions  in  the  design  stages.  If  flight  tests  show  in¬ 
adequacy  in  meeting  any  airworthiness  stall  requirements,  the  consequences  can  be  expensive  and  time 
consuming  for  the  traditional  remedies  of  'quick  fixes'  are  increasingly  difficult  to  achieve,  major 
modifications  may  be  required.  Ideally  the  aim  must  be  to  acquire  at  the  design  stage  all  the  infor¬ 
mation  necessary  to  predict  the  aircraft  behaviour  at  low  speeds  and  at  high  angles  of  attack,  prototype 
flight  tests  should  then  be  made  to  check  out  and  quantify  the  predicted  trends,  not  to  investigate  un¬ 
known  conditions. 

2.  IDENTIFICATION  OF  THE  STALL  AHD  MINIMUM  SPEED  CONDITION 

Identification  of  the  stall  and  minimum  speed  condition  is  an  important  aspect  in  the  programme  of 
test  flying  on  a  prototype  commercial  aircraft.  But  the  stall  identification  is  not  a  straightforward 
matter,  for  even  one  basic  configuration  operates  over  a  wide  weight  and  height  range,  while  in  the  low 
'■peed  regions  the  effects  of  the  full  range  of  slat  and  flap  settings  must  be  considered.  Even  Mach 
nunbers,  at  low  speeds,  can  have  a  not  inconsiderable  effect. 

Ideally  stall  recognition  should  comprise  some  prior  warning  from  buffeting  while  any  deterioration 
of  the  handling  qualities  should  be  progressive,  followed  by  an  inherent  tendency  to  reduce  angle  of  attack 


12-2 


at  the  stall;  adequate  stability  and  control,  both  longitudinal  and  lateral,  must  be  present  at  all 
tines  prior  to  the  stall.  Unfortunately  these  ideals  are  becoming  increasingly  difficult  to  achieve: 
excessive  buffeting,  excessive  build  up  of  drag,  pitch  up,  ving  rock,  excessive  ving  drop,  loss  of 
directional  stability,  lateral  limit  cycle  oscillations  are  all  phenomena  said  to  have  been  observed  in 
recent  years. 

In  general  it  would  be  hoped  that  some  'a  priori*  knowledge  on  the  stalling  cnaracteristics  would  i 

be  available  from  wind  tunnel  measurements  before  the  flight  tests  are  undertaken.  But  mainly  because  of  ' 

difference  in  Reynolds  number,  wind  tunnel  results  can  be  misleading  in  conditions  where  flow  separations 
are  occurring.  This  is  one  area  where  far  more  research  is  required  to  clarify  the  role  of  the  wind 
tunnel  measurements  in  providing  reliable  information  concerning  full  scale  stall  behaviour.  , 

Stall  identification,  per  se,  is  not  part  of  the  requirements;  these  are  more  concerned  with  satis¬ 
faction  of  recovery  procedure: . 

The  Briti  .  Civil  Airworthiness  Regulations  (D2-11)  refer  the  flight  requirements  to  limiting  speed 
conditions  whose  definitions  may  be  paraphrased: 

Stalling  Speed  -  speed  at  which  a  large  pitching  or  rolling  motion,  not  immediately  controllable,  is 

encountered  when  the  speed  of  an  aeroplane,  trimmed  for  a  speed  approximately  1.1*  times 
the  Stalling  Speed,  is  reduced  in  straight  flight  at  a  rate  not  exceeding  1  knot  per 
second;  an  uncontrollable  pitching  motion  of  small  amplitude  associated  with  pre-stall 
buffet  shal.l  not  be  taken  as  indicating  that  the  Stalling  Speed  has  been  reached; 

Minimum  Steady  flight  Speed  -  minimum  steady  speed  obtained  with  the  elevator  control  in  the  most  rearward 
possible  position  following  the  same  manoeuvre  (as  that  described  above  in  the  definition 
of  the  Stalling  Speed),  this  speed  does  not  apply  where  the  Stalling  Speed  occurs  before 
the  elevator  control  reaches  its  stops; 

Minimum  Speed  in  a  Stall  -  minimum  speed  obtained  when  the  (above)  stalling  manoeuvre  is  executed; 

One-g  Stalling  Speed  -  minimum  speed  in  flight  at  which  the  aeroplane  can  develop  an  aerodynamic  force 
perpendicular  to  the  flight  path  equal  to  the  weight  of  the  aeroplane. 

These  various  speed  condition:  need  to  be  established  for  the  various  conditions  of  loading,  configuration 
and  power  which  are  necessary  for  compliance  with  the  stall  handling  requirements. 

The  handling  qualities  are  specified  for  the  slow  approach  to  the  stall  in  steady  flight  with  sym¬ 
metric  power,  on  and  off: 

'from  a  value  sufficiently  above  the  Stalling  Speed  (or  Minimum  Steady  Flight  Speed)  to  ensure  a 
steady  rate  of  decrease,  the  speed  shall  be  reduced  at  a  rate  not  exceeding  1  hr.ul  per  second  until 
the  aeroplane  conmences  a  large  amplitude  pitching  or  rolling  notion,  or  until  the  elevator  control 
reaches  its  stops;  in  the  recovery  the  engine  power  shall  not  be  increased  but  normal  use  of  the 
elevator  may  be  made  after  the  large  amplitude  pitching  or  rolling  motion  has  unmistakeab.ly 
developed.' 

In  straight  flight  the  normal  methods  of  (lateral)  control  should  maintain  the  aeroplane  substantially 
level  and  on  a  substantially  constant  heading  until  the  large  amplitude  motions  occur.  After  initiation 
of  that  large  pitching  motion  and  before  completion  of  the  recovery,  ..  disturbance  in  roll  is  acceptable 
provided  that  its  magnitude  does  not  exceed  on  the  average  approximately  20°.  In  turns  with  bank  up  to 
30  ,  lateral  control  again  needs  to  be  adequate  and  the  roll  following  the  stall  shall  not  be  so  violent 
or  extreme  as  to  make  it  difficult,  with  normal  piloting  skill,  to  make  a  prompt  recovery  and  regain 
control  of  the  aeroplane,  without  exceeding  the  maximum  permissible  speed  appropriate  to  the  configuration, 
or  the  allowable  limit  load  factor,  and  in  any  case  shall  not  be  such  that  an  angle  of  bank  of  90°  is  ex¬ 
ceeded! 

These  handling  qualities  need  to  be  demonstrated  for  the  most  adverse  c.g.  position,  range  cf  wing 
flap  positions,  landing  gear  retracted  and  extended,  cooling  gills  in  'appropriate'  position  and  specified 
power  levels.  In  addition  recovery  from  stalls  in  steady  straight  flight  with  one  power  unit  operative 
must  be  possible. 

Several  distinct  aspects  of  these  requirements  deserve  comment. 

Anomalies  have  arisen  in  the  past  on  conventional  swept  aircraft  over  the  definition  of  the  datum 
for  the  minimum  speed  condition.  Using  the  minimum  speed  in  the  stall  rather  than  the  1-g  stalling  speed, 
then  with  the  same  applied  safety  factors  the  margin  of  ability  to  manoeuvre  can  be  considerably  reduced. 

Safety  factors  and  the  establishment  of  the  low  speed  operational  limits  affect  the  handling  assessment 
indirectly  in  the  sense  that  a  pilot  requires  confidence  in  flying  an  aeroplane;  if  the  factors  are  low 
or  incorrectly  based  then  too  frequent  excursions  into  the  stall  environment,  even  with  an  ideal  inherent 
stall  behaviour,  must  make  a  pilot  uneasy  especially  when  compounded  with  the  total  work  load  required  in 
low  speed  phases  of  flight. 

In  respect  to  the  handling  requirements  themselves  it  is  seen  that  the  classical  concept  of  an 
inherent  nose  down  motion  if  an  aeroplane  stalls  is  no  longer  implicitly  stated  in  the  regulations  (pitch 
up  has  probably  killed  it),  recovery  is  deemed  satisfactory  if  obtained  by  the  normal  operation  of  the 
elevator  after  the  large  pitching  or  rolling  motion  has  unmi stakeably  developed.  Such  a  regulation  cannot 
be  said  to  be  precise  primarily  because  it  is  intended  to  provide  the  spirit  rather  than  the  letter  of 
satisfactory  airworthiness  in  its  application  to  a  range  of  configurations.  Piloting  skill  and  experience 
are  important  features  in  the  demonstration  of  the  stall  manoeuvres,  especially  in  the  early  stages  as 
regards  the  timing  of  the  recovery  process  itself,  e.g.  when  to  apply  the  down  elevator  action  and  the  rate 
of  application  of  the  elevator.  Small  differences  in  the  timing  of  the  recovery  action,  and  in  the  rate  of 
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application  of  the  elevator,  can  spell  the  difference  between  a  satisfactory  recovery  and  a  major  upset. 

It  is  not  an  easy  task  to  ascertain  what  margins  are  present  in  a  series  of  successful  recoveries. 
Essentially  there  should  be  a  comprehensive  back  up  programme  of  analytical  dynamic  studies  together  with 
simulator  studies  although  it  is  recognised  that  the  aerodynamic  input  data  may  be  somewhat  unreliable; 
these  points  are  discussed  in  more  detail  later. 

For  some  conventional  aeroplanes  the  stalling  conditions  cannot  be  investigated  because  the  handling 
at  low  speeds  degenerates  to  such  an  extent  that  there  is  a  significant  probability  that  the  flight  phase 
may  not  be  completed  successfully.  It  might  be  expected  that  auto  stabilisation  would  be  employed  to 
alleviate  this  problem  but  vital  questions  are  then  raised  regarding  the  relationship  between  the'  integrity 
of  the  system  and  the  possible  conequences  of  failure.  From  a  handling  point  of  view,  in  this  case,  the 
low  speed  datum  should  be  in  terms  of  a  'handling  limit  speed'  but  such  a  limiting  condition  may  impose 
unacceptable  performance  penalties;  possibly  a  situation  which  calls  for  a  return  to  the  drawing  board. 

One  particular  aspect  of  autostabilisation  deserves  special  mention  and  which  highlights  other  funda¬ 
mental  points.  Some  aeroplanes  which  operate  close  to,  or  below,  the  minimum  drag  speed,  are  being  fitted 
with  auto  throttle  to  maintain  speed  stability.  Since  the  low  speed  stall  will  also  be  below  the  minimum 
drag  speed,  then  for  consistency  with  operational  flying,  the  auto  throttle  should  be  in  operation.  But 
the  slew  approach  requirements  as  they  stand  are  in  terms  of  decrease  in  speed  of  not  more  than  1  knot  per 
second  which  the  auto  throttle  will  presumably  suppress.  Fundamentally,  and  it  has  always  been  recognised 
as  such,  stall  is  a  function  of  angle  of  attack,  also  rate  of  change  of  angle  of  attack,  rather  than  speed. 
It  would  be  more  logical  to  express  the  safety  margin  in  terms  of  angle  of  attack,  especially  from  the  point 
of  view  of  accounting  for  atmospheric  turbulence  effects.  However,  the  use  of  speed  is  more  convenient 
and  is  by  now  well  established;  it  is  understood  that  the  definition  of  the  slow  rate  of  decrease  of  speed 
is  equivalent  to  a  statement  on  the  slow  rate  of  increase  in  the  angle  of  attack.  Here  the  case  of  auto 
throttle  must  be  regarded  as  a  special  case,  although  in  the  near  future  it  may  become  commonplace,  the 
requirements  may  need  to  refer  to  angle  of  attack;  such  requirements  have  yet  to  be  declared. 

Many  commercial  aeroplanes,  although  controllable  to  high  angles  of  attack,  do  not  experience  dis¬ 
tinctive  stall  characteristics;  neither  the  large  amplitude  pitching  nor  rolling  motion,  asked  for  in  the 
regulations,  materialise.  On  the  other  hand  large  increases  in  angle  of  attack  can  build  up  sometimes 
resulting  in  large  losses  in  height,  both  of  these  effects  have  led  to  catastrophes.  Often  these  effects 
are  not  appreciated  by  the  pilot.  There  is  one  recorded  incident  on  a  Lockheed  C-lhi  on  a  stall  manoeuvre 
in  which  the  aircraft  pitched  down  satisfactorily  at  the  stall  as  far  as  attitude  was  concerned  but  the 
angle  of  attack  trimmed  out  about  7°  above  the  stall  angle  of  attack;  the  pilot  reported  satisfactory 
stall  behaviourl  To  ensure  that  high  angle  of  attack  situations  do  not  build  up,  the  identification  of 
the  stall  is  artificial,  namely  by  the  stick  pusher.  In  general  the  stick  pusher  is  actuated  when  th- 

aircraft  attains  a  predetermined  angle  of  attack,  which  is  monitored  for  flap  position,  rate  of  change  of 
angle  of  attack,  etc.;  sometimes,  as  on  the  V.C.10,  twin  klaxon  horns  also  sound  to  inform  the  crew  what 
is  happening.  Once  the  aircraft  returns  to  angles  of  attack  seme  degrees  lower  than  the  predetermined 
settings  the  pusher  is  released. 

Reliability  of  a  stick  pusher  device,  according  to  the  E.C.A.R.,  must  conform  to  the  requirement: 

'Ho  single  failure  or  likely  combination  of  failures  will  result  in  failure  of  the  device  to 
actuate  at  any  time  when  it  is  designed  to  be  actuated  unless  the  probability  that  it  will  fail  in 
this  way  (from  all  causes)  is  less  than  one  in  a  hundred.' 

It  is  mandatory  to  provide  warning  when  the  system  for  actuating  the  device  has  failed. 

Unwanted  actuation  of  the  stick  pusher  device,  a  point  of  major  concern  to  airline  pilots,  is 
covered  in  the  regulations  in  a  gross  sense;  safety  is  not  to  be  significantly  prejudiced,  structural 
limit  loads  are  not  to  be  exceeded,  and  no  undue  difficulty  in  control  and  operatior  of  the  aproplane  is 
to  be  caused;  predicted  rates  of  occurrence  of  unwanted  actuation  must  be  specified. 

In  the  regulations  it  is  stated 

'a  means  for  disarming  the  system  should  be  provided  and  should  be  effective  at  all  tines;  this 
means  should  be  capable  of  being  readily  selected  by  the  pilots;  an  unmistakeable  indication 
should  be  given,  and  continue  to  be  given,  to  the  pilot  that  the  system  has  been  disarmed.' 

It  is  intended  that  the  device  should  be  automatically  armed,  and  stay  armed,  except 

(a)  at  air  speeds  at  and  above  which  the  risk  of  stalling  as  a  result  of  an  atmospheric  disturbance 
is  Remote  (e.g.  a  66  ft/sec  gust)  in  which  case  the  system  should  automatically  re-arm  when  the 
air  speed  falls  below  these  speeds; 

(b)  where  it  can  be  shown  that  the  risk  of  stalling  is  Extremely  Remote  (e.g.  when  a  high  integrity 
automatic  landing  system  with  automatic  speed  control  is  in  use). 

It  would  appear  that  the  complete  stali  identification  system  is  complex,  questions  of  integrity 
then  come  to  the  fore.  But  stall  warning  (shakes,  knocks),  stall  identification  accompanied  by  klaxon 
horns,  warning  for  system  failures,  warnings  for  system  disarming,  must  all  contribute  to  the  bewildering 
environment  for  the  piiot. 

All  of  the  preceding  discussion  has  been  relevant  to  the  more  conventional  aircraft  with  the  standard 
flap  systems. 

One  promising  development  especially  for  the  control  of  large  conventional  aircraft  along  a  specified 
flight  path  is  tne  advent  of  Direct  Lift  Control.  The  suggested  forms  for  L.L.C.  at  present  depend  on  a 
fast-moving  spoiler  or  flap;  in  its  null  position  in  steady  flight  the  spoiler  will  be  pa-t.ly  raised  and 
the  flap  less  than  fully  deflected,  thus  the  stalling  speed  will  be  higher  with  the  D.L.C.  system  operative 


than  that  of  the  same  aircraft  with  the  D.L.C.  inoper-tive.  Whether  or  not  the  actual  qualities  at  the 
stall  would  be  modified  is  not  knc-Tj.  The  problem  is  now  to  ascertain  what  factors  should  be  applied  to 
the  stalling  speed  of  a  D.L.C.  aircraft  bearing  in  mind  its  superior  hundling  characteristics. 

The  introduction  of  the  new  ifiguration  of  th;  slender  wing  aircraft  requires  a  complete  revaluation 
of  the  low  speed  limits.  Sler.du  aircraft  do  not  experience  the  stall  of  classical  aircraft  since 

flow  separation  at  the  wing  leading  cuges  is  highly  organised  into  discrete  vortices,  lift  is  not  lost 
(until  extreme  incidence)  but  a  large  induced  drag  appears  and  the  aircraft  perfoi-mance  is  impaired.  It 
is  necessary  to  define  the  zero  rate  of  climb  speed,  V^^c,  as  the  minimum  speed  at  which  an  aircraft,  under 
a  given  set  of  conditions,  can  maintain  level  flight;  this  phenomenon  has  already  been  experienced  in 
flight.  Flight  near  this  condition  is  potentially  hazardous  since  a  pilot  may  not  be  aware  of  approaching 
or  passing  below  V*rc  and  by  the  time  the  pilot  has  realised  his  position  and  recovered  considerable 

height  can  be  lost;  such  an  event  at  low  altitude  could  be  catastrophic.  One  difficulty  is  that  since 

Vine  is  not  purely  aerodynamic  in  origin  it  varies  with  many  more  factors  than  conventional  stall,  including 
altitude,  lower  setting,  air  temperature,  aircraft  configuration  and  weight.  The  airworthiness  authorities 
propose  to  substitute  VxO-c  for  the  stalling  speeds  in  the  appropriate  regulations  and  definitions  for  appli¬ 
cation  to  slender  aircraft. 

3ecause  it  is  necessary  to  develop  a  clearer  understanding  of  the  factors  involved  in  flight  near 
Vxac,  research  as  the  R.A.E.  (U.K.)  is  focussed  on 

(i)  the  best  technique  for  determining  V^rtc  during  flight,  tests; 

(ii)  the  best  technique  to  minimise  the  height  lost  during  recovery  from  speeds  below  w,  and 

what  height  losses  are  incurred  using  this  technique; 

(iii)  the  training  of  pilots  to  follow  the  best  teclmiques; 

(iv)  the  speed  margin  required  during  normal  flying  operations  to  avoid  the  risk  of  speed  accidentally 
falling  below  Vzac-, 

(v)  whetne:  a  pilot  during  normal  flying  operations  in  a  slencer  wing  aircraft  needs  an  instrument 
to  warn  him  when  the  speed  approaches  V  -nc. 

Finally  some  brief  comments  on  V/STOI.  configurations.  Because  of  the  wide  range  of  design  options 
it  has  to  be  recognised  that  each  configuration  nay  need  to  be  treated  individually.  But  in  general 
terms  at  low  speeds  in  all  types  of  V/STOL  configurations ,  handling  qualities  differ  substantially  from 
conventional  aircraft,  due  for  example  in  the  longitudinal  motions  to  the  coupling  of  phugoid  and  short 
period  motions,  and  to  lateral  sensitivity  to  atmospheric  turbulence;  in  these  cases  where  the  handling 
characteristics  become  deficient,  the  introduction  of  autostabilisation  raises  the  problems  of  integrity 
mentioned  earlier  in  relation  to  conventional  aircraft. 

In  most  V/STOL  configurations  it  is  expected  that  stall  requirements  will  have  to  be  met  and  that 
a  stall  erudition  will  be  used  as  the  datum  for  operational  limits;  the  stall  condition  would  now  be 
complicated  by  power  effects  and  the  stall  would  need  to  be  defined  in  terms  of  operating  procedures. 

For  configurations  which  achieve  STOL  capability  either  by  combining  moderate  wing  loading  with 
high  natural  lift  coefficients  or  by  combining  highsr  wing  loadings  with  very  high  lift  coefficients 
(induced  artificially)  the  stall  nay  be  expected  tc  be  sudden,  with  serious  g  loss;  in  this  case 
because  of  low  approach  speeds  atmospheric  turbulence  is  relatively  more  effective  so  margins  should  be 
increased. 

In  the  case  of  V/STOL  aircraft  that  are  only  partly  wing  borne  the  severity  and  nature  of  stall 
behaviour  depends  on  the  ratio  of  wing  lift  to  total,  lift  but  it  is  expected  there  will  always  exist 
some  stage,  most  probably  during  the  transition  from  wholly  wing  borne  flight  where  stall  is  critical. 

It  would  appear  that  in  all  of  these  cases  of  V/STOL  configurations  the  concept  of  a  unique 
stalling  speed  is  not  valid  and  the  requirem’nts  and  limitations  upon  margins  will  have  to  be  related 
back  to  incidence. 

3.  DYNAMIC  STALLS 

In  the  preceding  section,  those  problems  associated  with  the  identification  of  the  stall  characteris¬ 
tics  in  slow  approaches  have  been  discussed.  In  addition  stall  requirements  also  call  for  Dynamic  Stalls; 
the  philosophy  of  the  Dynamic  Stall  manoeuvre  is  that  it  endeavours  to  represent  a  likely  type  of  inadver¬ 
tent  stall  as  might  be  experienced  in  extreme  turbulent  conditions. 

According  to  the  B.C.A.R., 

’there  shall  be  no  violent  wing-dr oppingQ and  no  tendency  to  spin  when  the  aeroplane  is  stalled  (and 
recovered),  in  turns  with  bank  up  to  30  ,  when  the  stall  is  approached  at  a  natural  -ate  -  that  is  - 
a  rate  appropriate  to  the  acr-.piane  and  appreciably  greater  than  1  knot  per  second.’ 

”ne  dangers  of  U.e  dynamic  stall  manoeuvre  are  not  so  much  cue  to  the  rate  of  approves,  as  such, 
although  in  some  coset  the  characteristics  of  the  stall  are  modified,  but  rather  to  the  fact  that  thr 
pilot  has  less  comparative  time  to  react  to  the  recovery  manoeuvre  so  that  the  stall  incidence  nay  be 
exceeded  by  a  much  greater  margin  possibly  tc  a  point  where  recovery  is  impossible.  Compliance  vi*h  the 
regulations  depend?  on  the  interpretation  of  the  phrase  for  the  line  of  approach  being  ’t.  rate  appropriate 
to  the  aeroplane’ . 

\ireraft  without  automatic  stall  protection  devices  used  to  be  required  to  demonstrate  fairly  gentle 
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dynamic  stalls  up  to  0.25  or  0.3  g  increments.  But  with  the  introduction  of  the  stick  pusher,  to  ensure 
integrity  of  the  device  and  triggering  system,  much  more  severe  dynamic  stalls  were  called  for,  up  to 
0.G2  g  increment.  The  position  with  the  stick  pusher  has  now  calmed  down,  and  the  regulations  state: 

’the  actuation  of  the  device  {stick  pusr.or)  in  turning  flight  and  in  dynamic  stai.ls  with 
total  normal  accelerations  of  up  to  1.5  g  should  he  such  that  the  aeroplane,  with  the 
system  operating  normally,  complies  with  all  relevant  stalling  requirements’. 

What  is  not  clear  in  the  current  U.K.  regulations  is  whether  or  not  all  aircraft  are  to  be  subjected  to 
the  same  0.5  g  increment  dynamic  stall  irrespective  of  whether  the  aircraft  is  fitted  with  automatic 
stall  protection. 

Dynamic  stall  tests  can  lead  to  excessive  angles  of  attack,  sometimes  far  beyond  the  stall  incidence; 
large  differences  in  overshoot  behaviour  can  be  obtained  from  small  delay  times  by  the  pilot  in  initiation 
of  the  recovery'.  Anu  it  is  not  clear  from  flight  tests  what  is  the  margin  of  safety  between  recovery, 
whicr.  sometimes  involves  large  changes  in  altitude,  and  loss  of  control.  It  is  therefore  being  questioned 
whether  any  aircraft  should  be  allowed  to  get  into  situations  where  the  angle  of  attack  is  far  beyond  the 
stall  angle  and  recovery  becomes  uncertain.  This  is  pertinent  to  the  larger  commercial  aircraft  where 
the  inherent  slower  response  times  increase  the  time  and  height  losses  before  trim  is  recovered,  possibly 
imposing  severe  structural  loads,  and  which  at  lov  altitude  constitutes  potential  hazards.  From  both  an 
economic  and  a  humanitarian  point  of  view  such  demonstrations  are  too  great  a  risk.  The  U.S.S.n.  has 
apparently  responded  to  this  problem  for  ’heavy  aircraft  are  tested  only  for  stall,  and  sometimes  only  to 
determine  the  control  and  stability  characteristics  up  to  high  but  unstalied  angles  of  attack,  exceeding 
by  several  degrees  the  angle.;  of  attack  con esponiing  to  (the  onset  of)  buffeting  but  less  than  the 
stalling  incidence’. 


However  it  should  be  noted  that  it  is  not  always  the  dynamic  stall  which  leads  to  the  highest  over¬ 
shoot  conditions;  in  some  cases  apparently  the  slow  approach  has  led  to  the  most  severe  post  stall 
gyrations. 

If  it  is  argued  that  the  3tali  requirements  should  he  relaxed,  one  possibility  is  that  more  analytic 
studies  should  be  made  of  post  stall  gyrations  together  with  simulator  investigations  of  the  post  stall 
behaviour,  then  the  full  range  of  recovery  p»  cedures  could  be  investigated  in  comparative  safety. 
Continuing  developments  in  digital  computation  facilities  and  techniques  and  in  simulator  facilities  and 
experience  suggests  that  such  investigations  ore  viable.  It  is  realised  that  the  major  unknown  in  such 
ground  nased  investigations  concerns  the  aerodynamic  Input,  for  this  is  an  area  where  wind  tunnel  results 
are  often  unreliable  because  they  are  obtained  at  too  low  Reynolds  number;  also  dynamic  (aerodynamic) 
effects  are  important  which  for  investigation  in  a  wind  tunnel  require  specially  developed  oscillatory- 
rigs.  Serious  consideration  should  be  given  to  the  type  of  wind  tunnel  tests  vhich  would  lead  to  more 
reliable  aerodynamic  information  in  the  stain  and  post  stall  conditions. 

One  might  ask  whether  there  is  an  analogy  with  flutter  clearance  procedures  where  extensive 
mandatory  calculations  are  made  in  the  design  stage  and  then  the  calculations  are  up-dated  progressively 
as  data  is  confirmed,  first  from  prototype  ground  resonance  tests  for  the  structure!  and  inertial  charac¬ 
teristics  and  then  from  structural  response  information  in  test  flights  from  which  the  aetodynamic  inputs 
can  be  checked,  sr.d  if  necessary  modified.  Gradual  increase  of  test  speeds  then  depends  on  successive 
clearances  for  flutter  on  the  best  available  information. 

Perhaps  a  similar  approach  couid  be  applied  for  certification  in  respect  to  stall  requirements  in 
which  the  limit  of  flight  stall  demonstration  is  assessed  from  pre-stail  behaviour,  and  buffet  onset, 
based  on  both  flight  measurement  and  prediction,  the  excursions  could  be  investigated  theoretically,  and 
by  simulator  with  a  pilot  in  a  loop.  Such  an  approach  wo’dd  require  a  more  positive  recognition  of  the 
stall  aspect  in  the  design  stages  and  in  wind  tunnel  investigations  than  given  in  the  past. 

h.  STALL  WAGING 

Once  the  stall  conditior  has  oven  •'.greed  upon  it  is  mandatory  that  sufficient  warning  of  the 
imminent  possibility  of  stali.be  given.  According  to  the  B.C-A.R. 
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’in  all  stalls  clear  and  distinctive  stall  warning  shall  be  giver,  to  the  pilot  sufficiently  in 
advance  for  the  stall  to  be  avoided  by  action  after  the  stall  warning  first  occurs.  The  warning 
may  be  furnished  oy  the  aerodynamic  qualities  of  tne  ac.oplane,  by  a  suitable  instrument,  or  by 
any  means  which  vj.il  give  unnistakeahle  warring  under  all  normal  conditions  of  operation. 

Prior  to  each  of  the  slow  approach  stuil*,  a  warning  shall  ^ccur  at  a  speed  vhich  is  not  less  tnan 
5?  above  the  wtullii.g  ;peed;  u  reduced  figure  may  be  acceptable  if  the  physical  difficulty  of 
entering  the  stall,  and/or  the  behaviour  the  otal!  are  considered  to  warrant  it.’ 


\ 
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Haturai  aerodynamic  it-ul  warning  is  usually  interpreted  us  buffeting  -nset.  Row  buffet  is  the  aero¬ 
dynamic  phenomenon  ?s30ciated  vita  flew  sepornt-’nn,  usually  from  tr.e  wing;  buffeting  i?  the  structural 
response  to  (uert-lyuanie)  buffet;  pilot  assessment  of  the  intensity  of  buffeting  depends  primarily  on 
the  location  cf  the  cockpit  :n  relation  to  tr.e  structural  node.-,  excised  by  buffrt.  it  is  not  unknown 
for  pilots  to  be  unaware  that  wings  are  buffeting  due  to  the  fact  t tne  pilot  is  located  close  *c.  the 
node  of  the  structural  :>tde  of  excitation.  More  informas!' r.  is  required  or.  how  a  pilot  reacts  to.  and 
interprets,  the  ouffet  environment.  In  addition,  prediction  of  onset  of  low  speed  buffet  from  wind 
tunnel  trots  requires  some  work,  especially  when  flaps  arc  down;  predictions  of  buffet  onset  at  higr. 
(subsonic)  speeds  for  the  deviation  of  the  linearity  of  the  Ct  (a.)  are  promising,  tr.e  extension  of  tr.cse 
ideas  to  low  speeds  does  r.«t  appear  to  have  been  made. 

Cne  aspect  in  operational  flying  concern:,  buffeting  us  a  stall  warning,  namely  the  possibility  that 
a  pilot  mistakes  response  V'  atmospheric  turbulorce  as  ’uffeling.  for  after  all  beth  sources  of  excitation 
aff-ct  the  pilot  through  the  structural  modes  although  in  the  case  of  turbulence  vher"  is  mere  aircraft 
response  in  itt>  ovc. all  bony  modes.  A  corrective  action  could  be  dangerous..  In  ,i:.y  cars  there  is  the 
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possibility  that  structural  response  to  atmospheric  turbulence  could  mash  the  onset  of  buffeting  which 
could  then  lead  to  on  unexpected  post  stsll  gyration. 

Artificial  stall  warning  devices  usually  consist  of  3tick  shakers,  or  knockers,  which  are  triggered 
by  incidences  sensing  -anes  on  the  fuselage  of  the  aircraft. 

Although  stall  warning  is  mandatory  on  all  aircraft  it  is  not  clear  whit  actions  pilots  take  when 
the  stall,  warning  goes  off.  There  has  been  at  least  one  accident  when  the  stall  warning  went  off  on 
take  off,  the  pilot’s  subsequent  nose  down  recovery  put  the  aircraft  back  on  the  ground.  It  would  be 
of  interest  to  know  what  pilots  do  in  the  circumstances,  both  in  test  flying  and  in  operational  flying. 

5.  RIGHT  IN  VCIPBUI-KNCE 

Upsets  due  to  turbulence  ?:  operational  flying  in  which  loss  of  control  occurs,  usually  temporarily, 
are  still,  regarded  as  a  continuing  problem.  Pilot  briefing  on  this  phenomenon  has  had  a  beneficial 
effect,  but  the  understanding  is  far  feom  complete.  In  some  of  those  upsets  where  the  aircraft  has 

changes  -.t  +  1  g,  pilots'  impressions  are  found  to  be  unreliable,  in  some  instances  the  pilots  thought 
that  th.-  aircraft  was  upside  down.  Such  large  g  variations  are  qualitatively  consistent  with  responses 
from  computer  simulation  studies  where  aircraft  have  been  shown  to  pass  through  positive  to  negative 
stall  conditions. 

It  would  appear  that  cere  theoretical  work  should  be  done  to  assess  optimum  control  procedures  in 
these  situations. 

It  is  r.ot  clear  hew  the  stick  pusher  device  contributes  to  the  dynamic  behaviour  it>.  these  turbulent 
situations.  According  to  the  regulations 

’the  system  should  be  such  that  flight  in  turbulence,  up  to  the  most  severe  that  is  likely  to 
be  encountered,  is  unlikely  to  result  in  such  actuation  of  the  device  as  will  significantly 
increase  the  difficulty  of  flying  in  such  conditions’; 

exactly  how  this  requirement  is  interpreted  by  the  constructors  is  not  clear. 

Returning  to  the  coafused  pilot,  a  recommendation  has  recently  been  made: 

’it  is  difficult  to  avoid  the  conclusion  that  occasional  re-familiarisation  (of  airline 
crews)  with  unusual  positions  and  recoveries  therefrom  using  small  jet  trainer  aircraft 
would  be  e  worthwhile  measure  in  the  interests  of  improved  flight  safety.  Pilots  involved 
in  such  upsets  have  in  fact  stated  that  prior  military  experience  with  instrument  recoveries 
from  unusual  positions  has  been  a  factor  in  regaining  control*. 

6.  CONCLUDING  REMARKS 

The  main  emphasis  in  this  note  has  been  on  the  interpretation  of  the  handling  requirements  for 
commercial  aircraft  in  the  stall  environment,  together  with  a  discussion  of  some  of  the  factors  which  are 
currently  under  consideration. 

No  mention  has  been  made  of  the  most  notorious  post  stall  gyration,  namely  the  spin.  Commercial 
aircraft  are  not  allowed  to  get  into  a  spin  situation  whereas  a  military  fighter  type  configuration  must 
be  recoverable  from  a  spin.  It  is  not  intended  here  to  discuss  recent  developments  of  the  snin 
manoeuvre.  Eut  it  is  worthwhile  noting  that  for  aircraft  which  are  to  oe  flown  into  a  spi:.  and  recover, 
there  i.3  an  extensive  programme  of  model  testing  in  spin  tunnels  to  identify  the  modes  of  spin  and  to 
determine  the  associated  recovery  procedures;  in  addition  nowadays  comprehensive  model  force  and  moment 
measurements  are  made  at  large  angles  and  the  spin  dynamic  nntions  are  analysed  numerically.  Thus  there 
is  considerable  background  of  knowledge  before  the  aircraft  is  actually  flown  into  a  spin. 

A  similar  wind  vunnel  effort  at  the  design  stage  for  a  commercial  aircraft  would  be  highly  beneficial 
for  it  would  improve  the  predictive  aspects  of  stall  behaviour.  These  wind  tunnel  tests  would  necessarily 
have  to  he  at  sufficiently  high  Reynolds  numbers  for  the  strul  characteristics  to  resemble  full  scale 
characteristics.  Special  dynamic  rigs  would  need  development  for  certain  wind  tunnel  investigations. 

The  combination  of  such  aerodynamic  results  with  extensive  numerical  analyses  of  recovery  procedures  ir. 
post  stall  gyrations,  together  with  extensive  simulation  studies,  would  establish  the  stall  and  post 
stall  environment  with  more  confidence  so  the  safety  in  test  Hying  weald  ue  improved  and  c»rt ificatior. 
simplified. 
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if  U)  DISCUSSTOW 
by 

W.  Bihrl* 

On i— in  Aeroapaea  Corporstioti 
Bethpaga,  N.Y.  11714 >  USA 

INTRODUCTION 

Alter  a  tew  readings  of  Dr.  Hancock's  paper,  7  realized  thct  there  was  little  I  could  take  excep¬ 
tion  with  and  T  suspect  this  applies  to  cost  of  todays  audience.  The  very  few  reservations  I  do  have  are 
duly  noted  in  jy  discussion  hut  the  major  portion  of  my  comments  emphasize  and  extend  some  of  the  points 
raised  by  Dr.  Hancock,  In  so  doing,  I  have  leaned  heavily  on  personal  observations  and  experiences  and 
the  opinions  expressed  herein  are,  therefore,  of  a  personal  nature. 

For  convenience,  I  have  listed  ny  comments  under  the  satie  section  headings  that  Dr.  Hancock  used. 
Before  beginning,  I  suggest  that  the  word  criteria  in  the  title  is  misleading  and  should  be  replaced  by 
requirements. 

IDENTIFICATION  0?  THE  STALL  AND  MINIMUM  SPEED  CONDITION 

The  author  defined  the  stall  characteristics  which  are  considered  to  be  ideal  and  then  noted  that 
they  are  becoming  increasingly  difficult  to  achieve.  This  is  quite  true,  but  I  think  it  is  also  Important 
to  note  that  they  are  indeed  achievable.  To  my  knowledge,  all  of  the  civil  aircraft  manufactured  in  the 
U.S.  to  date  have  met  these  ideals  and  this,  of  course,  also  includes  T  tail  aft  mounted  engine  configura¬ 
tions.  This  success,  especially  in  recent  years,  may  be  largely  attributed  to  the  fact  that  the  BAC  111 
deep  stall  accident  alerted  and  motivated  every  airframe  manufacturer  to  increase  bis  efforts  in  this  area. 
For  instance,  since  the  BAC  111  incident,  aerodynamic  data  has  been  routinely  obtained  up  to  an  angle  of 
attack  of  40  or  45  degrees  at  a  Reynolds  number  of  6.0  x  10  "/ft.  These  data  have  been  analyzed  and  also 
used  to  compute  motions  at  high  lift  coefficients.  In  addition,  simulators  have  been  employed  to  conduct 
handling  quality  studies  in  the  stall  region.  The  design  stage  efforts  recommended  by  Dr.  Hancock,  there¬ 
fore,  can  indeed  eliminate  many  of  the  difficulties  that  in  the  past  have  been  discovered  during  the  proto¬ 
type  flight  program.  Further  improvements  can  be  foreseen  in  this  regard  as  well  as  the  ability  to  design 
more  optimum  and  safer  vehicles  as  our  experimental  and  analytical  techniques  are  improved,  especially  those 
related  to  stall  warning. 

I  would  like  to  make  a  few  comments  relative  to  the  type  of  simulators  used  during  these  stall 
studies.  For  over  18  years  I  pleaded  the  cause  for  a  moving-base  simulator  when  performing  handling 
quality  studies  that  involved  precision  control  tasks  such  ac  landing,  formation  flying,  tracking,  inflight 
refueling,  etc.,  and,  as  many  of  you  know,  I  was  always  prepared  to  present  a  list  of  incorrect  conclu¬ 
sions  that  had  been  established  over  the  years  using  fixed-bate  facilities.  It  appears  that  this  list  will 
again  be  growing  in  the  near  future  for  the  following  reasons. 

Precision  control  tasks  such  as  landing  or  tracking  are  associated  with  flight  at  high  lift  and 
are  the  tasks  assigned  to  a  pilot  during  a  simulator  stall  study.  In  the  future  we  presumably  will  be 
determining  the  effect  of  buffet  onset,  buffet  Intensity  and  other  stall  characteristics  on  the  pilot's 
ability  to  perform  these  tasks.  At  this  point,  one  must  recognize,  however,  that  the  pilot  senses  angular 
and  normal  accelerations  with  the  cristae  ampullaris  and  otoliths,  respectively,  of  the  inner  ear  and  it 
is  the  angular  acceleration  that  the  pilot  employs  as  an  anticipatory  cue  in  performing  precision  control 
tacks.  Fixed-base  simulators  obviously  do  net  supply  this  basic  cue.  If  one  extends  the  st3ll  study  into 
the  spin/pose  stall  gyration  region,  the  limitations  of  a  fixed-base  simulator  become  even  more  serious. 

For  instance,  due  to  the  inherent  dynamic  response  characteristics  and  the  threshold  of  perception  that  is 
associated  with  the  vestibular  orgar.,  misleading  cues  are  generated  when  a  motion  is  suddenly  terminated 
or  its  direction  reversed.  It  is  this  physiological  limitation  of  man  that  disorients  bin  and  degrades 
his  ability  to  terminate  a  post-stall  gyration,  spin  or  upset.  It  is  also  the  situation  in  which  one 
wishes  to  train  the  pilot  to  respond  strictly  on  the  bases  of  information  he  receives  from  his  instruments. 

I  have  been  sadened  to  see  some  investigators,  at  this  point  in  time,  enthusiastically  embrace  a  fixed-base 
simulator  to  evaluate  and  study  the  stall  and  spin  and  to  advocate  its  spin  training  capability.  Somehow 
one  must  get  the  point  across  that  achieving  an  illusion  of  realism,  through  visual  and  aural  cues  and 
duplication  of  cockpit  furnishings,  is  not  the  criterion  for  a  valid  simulation. 

I  would  also  caution  investigators  that  the  use  of  a  moving-base  simulator  Joes  not  necessarily 
guarantee  a  valid  precision  control  task  evaluation.  One  must  first  verify  that  the  dynamic  response  of 
the  moving  base  matches  the  simulated  vehicle  to  the  extent  that  both  the  magnitude  of  the  pitching  angular 
acceleration  and  the  transient  relation  'hip  between  argular  3nd  normal  acceleration  are  faithfully 
duplicated. 

The  author  points  out  that  it  has  always  been  recognized  that  the  stall  is  a  function  of  angle  of 
attack,  also  rate  of  change  of  angle  of  attack,  and  not  of  speri;  and  that  it  would  be  mere  logical  to 
express  the  safety  margin  in  terms  of  angle  of  attack.  Whenever  this  point  is  raised  during  a  conference, 
no  objections  are  voiced.  Certainly,  the  author  has  presented  throughout  his  paper  many  reasons  for  making 
vhis  change  and  I  second  his  motion  that  civil  regulating  agencies  include  in  their  stall  airworthiness 
regulations  a  reference  to  angle  of  attack  and  rate  of  change  of  angle  of  attack. 

1  would  also  like  to  take  this  opportunity  to  strongly  recommend  that  angle-of- attack  information 
be  made  available  in  the  cockpit.  The  usefulness  of  this  information  has  been  demonstrated  on  V/STOL 
configurations  during  the  transition  flight  phase,  on  carrier  based  aircraft  which  must  operate  close  to 
their  maximum  potential,  and  on  prototype  test  aircraft  which  demonstrate  compliance  with  the  Civil  Air¬ 
worthiness  Stull  Requirements.  Its  usefulness  to  the  pilot  during  turbulence  upsets  should  be  obvious. 

For  over  70  years  we  have  known  that  the  stall  angle  of  attack  is  Invariant  with  weight,  terspexatuta 
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and  altitude  and  yet  we  have  convinced  pilots  that  having  this  fundamental  information  would  in  no  way 
influence  their  piloting  proficiency  or  effect  their  safety.  Instead,  we  have  indoctrinated  them  with 
the  belief  that  speed  is  the  fundamental  parameter  effecting  the  stall  and  have  then  conscientiously 
supplied  them  with  speed  information.  In  spite  of  all  this,  the  human  pilot  has  been  able  to  perforn  at 
an  acceptable  level  probably  because  the  airworthiness  requirements  reflected  the  absence  of  angle-of- 
attack  information  in  the  cockpit. 

Fortunately,  automatic  devices  such  as  stick  pushers  and  automatic  throttle  systems  could  not.  be 
reasoned  with  nor  mislend,  and,  therefore,  would  not  fulfill  their  intended  function  without  having 
recourse  to  eng le-of- attack  information.  Consequently,  accurate  and  reliable  angle-of-attack  sensors  were 
developed  and  it  is  now  possible  to  display  this  Information  to  the  pilot.  The  irony  in  all  this  i3  that 
in  mar.y  instances  the  pilot  may  not  be  using  this  information  for  flying  the  aircraft  but  rather  for 
monitoring  the  performance  of  some  automatic  device. 

X  also  have  a  few  observations  relative  to  Direct  Lift  Control  Systems.  The  author  noted  that 
direct  lift  controls  (spoilers  or  flaps)  must  be  placed  in  a  null  position  during  steady  state  flight  and 
that  the  stalling  speed  will  be  consequently  higher  with  the  D.L.C.  system  operative  than  that  of  ths 

same  aircraft  with  the  D.L.C.  inoperative.  I  would  like  to  point  out  that  for  the  same  reason  (which  is 

a  loss  of  lift  upon  activation  of  the  system)  the  angle-of-attack  and  correspondingly  the  pitch  attitude 
angle  must  be  Increased  for  a  given  lg  flight  condition  when  the  D.L.C.  system  is  engaged.  Consequently, 
the  ar.gle-of-attack  margin  between  lg  flight  and  stall  is  reduced  as  is  the  pilot's  visibility  of  the 
landing  site  in  conjunction  with  the  aforementioned  increase  in  the  stalling  speed.  One  would  suspect 
that  these  inherent  D.T  C.  characteristics  will  not  be  judged  as  enhancing  the  handling  characteristics. 

Some  yea.-s  ago,  while  conducting  a  carrier  landing  study  on  a  moving-base  simulator  X  made  the 

following  observations  relative  co  activating  a  D.L.C.  system  which  I  believe  are  appropo  to  tnis  dis¬ 
cussion. 

1.  Improvements  in  handling  qualities  were  noted  for  airframes  in  which  the  variation  of  load 
factor  with  augle-of-attack,  n2  ,  was  small  <i.a.,  where  flight  path  control  could  not  be  achieved 
efficiently  by  adjusting  the  lift  through  aircraft  rotation).  The  usefulness  of  the  device  appeared  re¬ 
stricted  to  airfraies  which  have  both  a  low  value  of  n2(^  and  are  deficient  in  precision  controllability 
which  is  associated  with  a  high  moment  of  inertia  or  aft  center  of  gravity  location  (i.e.,  an  unacceptable 
low  value  for  the  conLrol  anticipation  parameter,  <*Jn2/ ). 

2.  To  realize  the  potential  cf  a  D.L.C.  system,  an  effective  approach  power  compensator  (i.e., 
an  automatic  throttle)  system  must  be  available  since  almost  all  pilots  felt  that  three  altitude  controls 
in  the  cockpit  (i.e.,  stick,  throttle  and  button)  was  confusing,  and  degradated  their  performance. 

3.  A.  D.L.C.  syccem  does  not  "cover  up"  basic  airframe  deficiencies  since  they  are  always  evident 
during  initial  glide  slope  capture  and  gross-error  correction  maneuvers. 

4.  Accivation  of  an  automatic  throttle  system  resulted  in  a  greater  improvement  than  was  realized 
with  D.L.C,  activation  and  this  improvement  was  experienced  with  all  types  of  airframe  characteristics. 

In  other  words,  a  very  marked  reduction  in  pilot  work  load  was  always  noted  when  the  automatic  throttle 
system  was  engaged. 

More  recently,  doubts  have  been  noted  relative  to  the  need  for  and  the  improvement  experienced 
with  some  aircraft  that  were  equipped  with  a  D.L.C.  system.  Also,  a  D.L.C.  system,  in  conmon  with  all 
automatic  systems,  is  quite  complex.  As  for  example,  activation  and  consequent  use  of  a  D.L.C.  system 
generates  pitching  moments  which  must  be  automatically  compensated  for. 

It  would  appear,  therefore,  that  some  of  us  are  not  quite  prepared  to  join  Dr.  Hancock  in  rendering 
the  verdict  that  the  handling  qualities  are  superior  with  D.L.C.  equipped  aircraft. 

DYNAMIC  STALLS 

Ir.  reference  to  dynamic  stalls,  the  author  indicated  that  it  is  not  quite  clear  whether  or  not  all 
aircraft  are  to  be  subjected  to  the  same  B.C.A.R.  dynanic  stall  demonstration  irrespective  of  whether  the 
aircraft  is  fitted  with  automatic  stall  protection.  I  would  thinx  the  answer  is  no  but  the  fact  that 
3r.  Hancock  is  not  quite  clear  on  this  point  stirs  up  the  upsetting  memory  of  a  member  of  the  British  Air 
Registration  Board  intimating  some  years  ago  that  this  might  very  well  be  the  case  in  the  future. 

I  do  not  wish  to  belabor  the  point,  but  one  should  recognize  lhat  by  specifying  a  severe  dynamic 
stall  demonstration  one  can  in  effect  legislate  the  incorporation  of  a  stall  barrier  device  (i.e.,  stick 
pusher)  on  all  aircraft  -  including  those  which  possess  all  the  ideal  stall  characteristics  we  have  praised 
and  struggled  to  achieve  ir.  the  past. 

If  an  aircraft  has  no  primary  stall  warning,  and  has  no  inherent  nose-down  pitching  moment  at  pri¬ 
mary  stall,  but  instead  has  a  large  nose-up  moment  which  trims  into  a  secondary  stall  around  an  angle-of- 

attack  of  45  degrees  (referred  to  as  a  deep  stall,  super  stall,  etc.)  from  which  there  is  no  escape  be¬ 
cause  of  insufficient  control  power  then  obviously  I,  as  a  passenger,  have  no  quarrel  with  the  need  for 

installing  an  automatic  stall  barrier  device.  And  just  as  obviously,  one  rau-.t  select  a  stall  demonstra¬ 

tion  maneuver  which  is  not  expected  to  be  encountered  in  operational  flight  in  order  to  insure  that  the 
device  has  been  given  the  control  authority  and  the  r'vjuired  response  characteristics  to  fulfill  its 
function.  But  even  in  this  situation  one  cannot  arbitrarily  specify  an  unrealistically  severe  stall 
demonstration  since  compliance  can  always  be  demonstrated  by  increasing  the  performance  of  the  stall 
barrier  device;  that  is,  up  to  the  point  where  it  effectively  removes  the  pilot  fioa  the  control  loop. 

At  any  rate,  my  hope  is  that  the  dynamic  stall  to  be  demonstrated  continues  to  be  the  one  that  is 
appropriate  to  the  airplane. 


CONCLUDING  REMARKS 

Dr.  Hancock  notes  in  his  concluding  remarks  that  for  military  aircraft  which  are  to  be  flown  into 
a  spin,  there  is  an  extensive  program  of  model  testing  in  spin  tunnels  to  identify  the  spin  modes  and  to 
determine  the  associated  recovery  procedure,  also  that  nowadays  comprehensive  model  force  and  moment 
measurements  are  made  at  large  angles  and  the  spin  dynamic  motions  are  consequently  analyzed  numerically. 
All  of  this  is  quite  true  and  I  might  add  that  these  aerodynamic  measurements  are  made  up  to  an  angle-of- 
attack  of  90  degrees  and  over  a  30  degree  sideslip  angle  range  at  a  relatively  high  Reynolds  number  of 
6.0  x  10  ^/ft.  The  author  also  noted  that  these  efforts  consequently  form  a  considerable  background  of 
knowledge  before  the  aircraft  is  actually  flown  into  a  spin.  Fine,  but  I  think  it  is  reasonable  to  ask 
how  predictive  is  this  background  information?  The  author  intimates  that  the  information  is  useful  and, 
therefore,  one  must  assure  it  to  be  accurate.  However,  is  that  really  the  case? 

In  this  regard,  it  is  interesting  to  observe  that  we  can  predict  during  the  conceptual  design 
phase  that  a  fighter  aircraft  will  have  the  inherent  ability  to  enter  different  spin  modes  and/or  post 
stall  gyrations  and  that  one  of  these  modes  will  be  prooably  characterized  as  a  fast  flat  spin  from  which 
it  will  be  difficult  to  recover.  Furthermore,  knowing  the  mass  distribution  of  the  aircraft,  we  can  pre¬ 
dict  which  controls  and  how  they  must  be  employed  if  recovery  is  to  be  realized.  Understanding  the 
physics  of  the  spin  pehnomenon  permits  us  to  make  these  gross  predictions  quite  confidently  before  conduct¬ 
ing  any  experimental  or  analytical  studies.  The  only  important  and  difficult  task  remaining,  therefore, 
is  to  identify  the  flat  spin  mode  and  to  predict  if  recovery  can  be  affected  from  this  spin  without 
recourse  to  some  major  change  in  the  configuration.  This  then  is  the  function  that  spinn  tunnel  tests 


One  familiar  with  spin  tunnel  efforts,  however,  realizes  that  the  prediction  of  the  full-scale 
spin  modes  and  especially  the  acceptability  of  the  associated  recovery  characteristics;  requires  a  con¬ 
siderable  amount  of  agonizing  interpretation  of  the  experimental  results,  hopefully  made  under  devine 
guidance  and  with  the  application  of  various  criteria  which  attempt  to  correlate  past  spin  tunnel  pre¬ 
dictions  with  observed  full-scale  results.  Also,  one  must  recognize  that  free-spinning  facilities  have 
been  sorely  taxed  for  more  than  twenty  years  in  serving  this  function  because  of  their  limited  ability  in 
simulating  the  full-scale  spin  environment,  i.e. ,  Reynolds  and  Mach  numbers  and  the  spin  entry  mechanism. 
(The  latter  limitation  having  been  relieved  to  some  extent  through  the  use  of  radio-controlled  free-fllght 
drop  models.)  The  serious  challenge  to  the  predictive  powers  of  spin  tunnel  personnel  can  be  traced  to 
the  point  in  time  when  highly  swept,  low  aspect  ratio,  high  wing  loading  configurations  which  had  their 
mass  heavily  concentrated  in  the  fuselage  were  introduced  into  the  family  of  aircraft.  It  is  my  opinion 
that  the  level  of  confidence  associated  with  recovery  predictions  leaves  much  to  be  desired. 

Now  although  I'm  not  all  that  happy  with  the  predictive  powers  of  existing  spin  tunnels,  let  me 
hasten  to  add,  thrt  most  of  our  knowledge  relative  to  the  spin  is  directly  attributable  to  the  astute 
observations  and  intuitive  reasoning  of  past  investigators  conducting  experimental  free-spinning  model 
programs. 


It  should  also  be  noted  that  the  continuing  reliance  on  free-spinning  model  tests  is  indicative 
of  a  greater  lack  of  confidence  in  the  technique  of  analytically  computing  the  spin  motion.  This  situa¬ 
tion  will  continue  to  persist  until  the  incipient,  developed  and  recovery  phases  of  the  spinning  motion 
recorded  in  flight  with  the  full-scale  airplane  are  truly  matched  analytically  on  a  computer.  This 
"motion  matching"  demonstration  would  be  even  more  impressive  if  the  spins  have  been  computed  before  the 
flight  program.  The  inability  to  satisfactorily  demonstrate  this  "motion  matching"  can  be  attributed 
largely  to  the  use  of  an  incomplete  or  a  poor  representation  of  the  stalled  aerodynamics  that  exist  in  a 
spin. 

High  performance  aircraft  have  a  spin  mode  which  are  characterized  by  a  small  or  no  spin  radius 
(i.e.,  the  aircraft  rocate  rapidly  about  a  vertical  axis  which  passes  approximately  through  the  center  of 
gravity  location) .  The  technique  presently  employed  to  represent  the  aerodynamic  forces  and  moments  may 
very  well  be  a  pseudo- technique  which  must  be  abandoned  when  attempting  to  compute  the  spins  of  high  per¬ 
formance  vehicles.  By  installing  a  rotary  balance  rig  (not  to  be  confused  with  a  rolling  or  oscillatory 
balance  set-up)  iu  a  high  Reynolds  number  facility  one  could  obtain  a  set  of  aerodynamic  data  while  the 
model  is  under  the  same  local  flow  conditions  that  exist  during  the  full-scale  spin. 
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S.B.  Anderson,  NASA  Ames,  USA 

Years  ago  ue  did  studies  of  possible  correlation  of  wind  tunnel  measurement  of  stalls  to  deter¬ 
mine  how  well  we  could  predict  stall  behavior.  This  showed  that  for  swept  wings  if  you  had  a  roll 
moment  coefficient  of  0.6  it  correlates  with  an  unsatisfactory  behavior  in  real  flight.  However, 
there  were  two  important  things  to  consider,  that  is  (1)  sideslip  in  both  directions  while  testing  in 
the  tunnel  because  it  is  sensitive  to  sideslip  and  (2)  you  must  take  very  small  increments  in  angle 
of  attack  because  the  stall  may  occur  only  over  a  half  degree  angle  of  attack  where  you  have  a  large 
asymmetry.  If  you  take  large  increments  you  may  miss  the  stall  roll-off  completely. 

F.O’Hara,  M.O.D.  (PE),  UK 

Could  I  ask  Sr.  Hancock  or  maybe  Mr.  Davies  about  the  use  of  angle  of  attack  indication  that 
Mt.  Blhrle  was  proposing.  1  know  it  has  some  advantages,  but  I  think  it  has  some  drawbacks  too,  par¬ 
ticularly  in  the  jet  upset  situation.  Could  I  get  some  reaction  to  that,  please? 

W.  Blhrle,  Grumman,  USA 

Mainly  the  thing  that  bothers  me  is  that  when  you  take  a  prototype  and  you  demonstrate  the 
goodness  of  meeting  the  stall  requirements ,  the  first  thing  you  do  is  put  an  angle  of  attack  Indicator 
in  the  cockpit.  I  think  that  is  a  little  bit  of  an  advantage  to  the  test  pilot.  If  he  needs  the 
indicator,  why  doesn't  the  day  in  and  day  out  pilot? 

D.  Davies,  ARB,  UK 

I  agree  with  Frank  O'Hara.  I  don't  believe  that  incidence  is  half  the  advantage  to  airline  pilots 
that  some  people  think;  simply  because  you  are  giving  him  too  many  parameters  to  integrate  at  the  same 
time.  At  a  given  weight,  he  needs  to  be  aware  of  vertical  and  forward  airspeed.  He  should  be  able  to 
deduce  incidence.  Me  have  it  on  Concorde  and  rarely  use  it  or  look  at  it,  apart  from  the  high  incidence 
exercise.  One  reason  is  that  airline  pilots  are  not  educated  in  this  fashion.  There  are  a  lot  of  traps. 
The  main  difficulty  is  that  you  are  giving  him  one  more  parameter  than  he  needs  and  he  has  difficulty  in 
integrating  it  properly. 

Dr.  J.  Foskam,  University  of  Kansas,  USA 

The  education  problem,  that  is  definitely  tied  in  with  the  use  of  angle  of  attack  indicators,  can 
be  solved.  Me  have  well  over  180  J.ear  Jets  with  angle  of  attack  indicators  on  both  the  pilot  and  co¬ 
pilot  side  and  has  been  quite  useful. 

J.  Teplitz,  FAA,  USA 

As  far  as  angle  of  attack  is  concerned,  we  haven't  mentioned  the  widespread  use  of  flight  directors, 
which  incorporate  this  information.  A  flight  director  organizes  the  information  for  the  pilot  and 
attempts  to  present  the  information  without  presenting  too  many  parameters. 

R.F.  Siewert,  U.S.  Navy,  USA 

All  Navy  carrier  airplanes  have  angle  of  attack  indicators,  but  during  the  critical  landing 
phase  we  present  it  in  a  little  simpler  form  to  the  pilot, that  as  an  indexer.  This  gives  the  pilot  a 
more  gross  indication.  This  is  the  parameter  correlated  with  airspeed  that  the  pilots  use. 

F.  O'Hara,  M.O.D.  (PE), UK 

May  I  switch  the  discussion  to  Mr.  Bihrle  to  ask  his  views  in  relation  to  Dr.  Hancock's  state¬ 
ment  regarding  the  need  for  more  thorough  wind  tunnel  before  flight,  particularly  in  regard  to  the  need 
for  dynamic  testing. 

M.  Bihrle,  Grumman,  USA 

This  is  the  biggest  area  where  we  are  lacking  both  analytical  and  experimental  techniques.  As 
Mr.  Anderson  said  what  is  lacking  is  the  ability  to  accurately  predict  stall  warning.  This  is  a 
very  difficult  task  of  defining  the  stall. 

J.H.  Mykes,  NAR,  USA 

Considerable  success  has  been  had  in  determining  where  the  buffet  occurs,  from  the  nonlinearity, 
etc.  It  is  not  a  hopeless  task,  it's  just  something  you  have  to  get  down  to  work  with. 

M.  Bihrle,  Grumman,  USA 

It  is  true  that  since  the  BAC  111  that  it  is  a  routine  that  we  go  to  a  high  Reynolds  facility  and 
test  at  6.6  million  per  foot  and  up  to  453  angle  of  attack.  From  this  data,  one  is  capable  of  predicting 
full  scale  characteristics,  in  terns  of  the  directional,  lateral,  and  longitudinal  stability,  etc. 

Mith  this  data  it  is  also  possible  to  design  variable  geometry  devices  like  leading  edge  slats  which  can 
improve  the  stability.  The  prediction  of  acceptable  buffet  for  stall  warning  is  a  difficult  area  to 
define  at  this  time. 
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TURBULENCE  MODELS  FOR  TOE  ASSESSMENT  OF  HANDLING  QUALITIES  DURING  TAKE-OFF  AND  LANDING 

by 

J.G.  JONES 

Royal  Aircraft  Establishment 
Bedford,  England 


SUMUARf 

Properties  of  ahnospheric  turbulence  at  low  altitude  are  reviewed,  with  particular  reference  to 
those  aspects  relevant  to  an  aircraft  on  a  landing  approach  or  during  take-off.  Recent  measurements  of 
power  spectra  are  described  and  related  to  a  simplified  theoretical  model.  Looking  beyond  the  power 
spectrum,  an  important  property  of  turbulence  is  its  intermitt ency,  related  to  a  tendency  for  aircraft 
response  to  show  large  peaks  separated  by  regions  of  relative  inactivity. 

Pilots  appear  to  be  particularly  sensitive  to  this  intermittent  structure,  and  their  subjective 
consents  can  be  related  to  measured  turbulence  characteristics. 

It  is  shown  bow  a  discrete  gust  asdel  for  turbulence  may  be  employed  to  predict  the  magnitude  of 
large  response  peaks.  As  an  example,  the  response  to  gusts  of  an  aircraft  constrained  to  fly  at 
constant  attitude  is  discussed,  with  particular  reference  to  the  effects  of  aircraft  speed. 


1.  TURBULENCE  AND  HANDLING  QUALITIES 


Satisfactory  handling  and  ride  qualities  of  an  aircraft  depend  upon  good  characteristics  in  both 
smooth  and  rough  air.  In  some  cases  these  can  be  conflicting  requirements  in  that  if  aircraft  stability, 
damping  and  control  power  are  chosen  to  provide  optimise  manoeuvrability  in  still  air,  there  may  result 
an  unsatisfactory  degree  of  response  to  disturbances  in  rough  air.  We  should  thus  aim  to  obtain  an 
aircraft  which  has  both  good  response  to  controls  and  minimum  response  to  external  disturbances.  Recent 
trends  in  aircraft  design  have  produced  aircraft  types  for  which  the  gust  response  is  an  important 
feature.  In  the  case  of  the  slender  wing  transport  aircraft,  response  to  gu3ts  is  increased  both  by 
high  gust  sensitivity  associated  with  large  ratio  I^/l^  and  is  further  amplified  by  relatively  low  roll 

damping.  In  this  case,  and  indeed  for  swept  wing  aircraft  in  general,  control  power  requirements  have 
been  increasingly  dictated  by  turbulence  rather  than  manoeuvring.  Another  example  is  the  STOL  aircraft 
for  which  the  reduced  airspeed  tends  to  make  gust  response  a  critical  factor,  particularly  if  the  STOL 
capability  is  achieved  by  reduction  in  wing  loading. 

It  is  dear  that  .an  important  ingredient  of  the  assessment  of  handling  qualities  is  the  evaluation 
of  the  behaviour  of  the  aircraft  in  rough  air.  Ebr  this  purpose  analytical  methods  and  ground  based 
simulation  are  required  for  predicting  aircraft  response  to  turbulence.  The  object  of  this  paper  is  to 
outline  some  techniques  which  are  now  available,  or  are  in  the  process  of  development,  in  this  context. 

We  have  not  attempted  to  give  an  unbiased  overall  picture  -  the  emphasis  is  rather  on  techniques  which 
have  been  only  recently  developed  and  with  which  the  author  has  been  directly  concerned  over  the  past 
few  years. 

Hie  effect  of  turbulence  upon  an  .lircraft  may  be  considered  in  terms  of  the  'systems'  representation 
illustrated  in  Fig,  1.  This  shows  thr.se  basic  components!  the  gust  input,  the  aircraft  dynamics,  and  the 
aircraft  response.  In  the  most  general  interpretation  of  Fig,  1,  the  gust  input  v(t)  represents  a 
vector  field,  including  longitudinal,  lateral  and  vertical  components  correlated  with  one  another  and 
varying  over  the  surface  of  the  aircraft,  and  the  response  y(t)  represents  a  complete  definition  of  the 
aircraft  state.  In  the  present  paper,  however,  we  shall  be  mainly  concerned  with  a  much  simpler 
interpretation  of  Fig.  i  in  which  v(t)  represents  a  single  turoulence  component,  whose  variation  over  the 
span  of  the  aircraft  is  neglected,  and  y(t)  represents  a  single  aircraft  response  variable.  Whilst  the 
limitations  of  this  simplified  representation  should  be  remembered,  it  proves  to  be  adequate  for  many 
purposes. 

Ihe  definition  of  the  gust  input,  in  analytical  terms,  is  the  primary  objective  of  this  paper.  3b 
put  it  Into  perspective,  however,  it  should  be  considered  in  conjunction  with  the  aircraft  dynamics, 
defined  analytically  by  the  equations  of  motion,  and  the  resulting  aircraft  response.  Ibr  -the  remainder 
of  this  section  we  will  discuss  features  of  the  aircraft  response,  and  will  subsequently  return  to  the 
specification  of  the  gust  input  by  means  of  turbulence  models. 


i 


A 


The  response  of  an  aeroplane  to  a  given  level  of  turbulence  differs  from  one  aircraft  to  another  due 
to  such  factors  as  wing  loading,  lift  slope  and  speed.  A  pilot  flying  an  aeroplane  with  a  Evigh  wing 
loading  and  low  lift-curve  slope  may  be  relatively  unaware  of  turbulence  which  could  be 
considerable  trouble  to  a  colleague  flying  a  light  aeroplane  nearby.  In  a  given  aircraft,  a  pilot  is 
CTafs  of  turbulence  in  three  main  ways  which  are,  in  rough  order  of  importance!  vertical  humps,  , 

disturbances  in  roll,  and  inatruoent  fluctuations  -  principally  airspeed  and  rate  of  climb.  At  1 

conventions!  landing  approach  speeds  vertical  bumps,  i,e.  fluctuations  in  normal  acceleration,  are  due  5 

primarily  to  vertical  turbulence  acting  to  change  angle  of  attack  and  therefore  lift.  At  low  flying  t 

speeds,  horizontal  gusts  also  make  an  important  contribution  to  fluctuations  in  t»mal  acceleration.  I 

These  disturbances  cause  pilot  discomfort  and  thus  have  an  indirect  effect  on  the  oontrol  +°g>.  i 

After  vertical  bumpiness,  the  next  most  important  effect  is  in  roll,  where  the  lateral  component  of  j 

turbulence  produces  deviations  in  bank  angle.  These  roll  disturbances  are  most  important  <*rHng  the  f 

landing  approach,  when  the  pilot  is  trying  to  fly  a  defined  heading.  The  rolling  effect  of  turbulence  | 
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tests  the  aircraft's  controllability  and  may  well  constitute  a  design  case  for  roll  control  effectiveness. 
In  the  case  of  Email  aircraft,  pitching  response  to  turbulence  can  be  a  significant  nuisance  to  a  pilot 
attempting  to  folios  a  prescribed  flight  path,  although  this  effect  becomes  much  less  important  for 
large  transport  aircraft. 

In  general,  a  pilot  is  more  worried  by  einglr,  peaks  in  response  (noxmal  acceleration,  bank  angle, 
etc.)  than  by  continuous  'wobble'  because,  for  a  large  disturbance,  he  has  to  take  action  to  correct  a 
divergence  which  might  appear  not  to  be  correcting  itself*  In  contrast  to  a  linear  automatic  control 
system,  which  reacts  always  to  an  extent  proportional  to  the  magnitude  of  the  disturbance,  a  human 
pilot  tends  to  have  a  'threshold',  and  only  fluctuations  in  response  which  exceed  this  level  lead  to 
control  action*  Thus  whilst  the  root  mean  square  level  of  response  may  be  an  adequate  measure  of  the 
input  to  cm  automatic  control  system,  it  is  mainly  the  distribution  of  relatively  large  response  peaks 
which  influences  the  pilot.  Oris  concern  of  the  pilot  with  large  disturbances  is  important  in  relation 
to  later  statements  (section  2.3)  concerning  the  large  and  intermittent  disturbances  in  atmospheric 
turbulence  which  stand  out  from  the  general  'noise'  background. 


A  pilot's  perception  of,  and  concern  with,  turbulence  varies  with  its  severity.  The  primary  cues 
to  worsening  turbulence  are  the  variation  in  bumpiness  and  increase  in  lateral  control  activity.  As 
turbulence  becomes  more  severe,  instrument  fluctuations  also  become  more  pronounced.  Ibis  is  particularly 
true  of  airspeed  fluctuations  which  become  of  more  significance  during  landing  approaches  in  heavy 
turbulence  such  as  might  be  associated  with  a  wind  speed  of  23-30  kt.  Throttle  adjustments  became  more 
frequent  and  it  is  common  practice  to  add  5-10kt  to  the  target  approach  speed  to  cope  both  with  the 
increased  intensity  of  ra  dom  fluctuations  and  with  the  increased  wind  gradient. 

Pilots'  Impressions  of  turbulence  as  altitude  changes  during  an  approach  can  be  related  to  the  gust 
models  we  shall  describe.  One  pilot  has  commented  that,  in  a  15-20  kt  wind,  he  would  not  expect  to 
find  much  turbulence  at  1000  ft  but  as  the  aircraft  descended  he  would  fiist  feel  longer  wavelength 
gusts  and  then,  as  the  aircraft  approached  the  ground,  the  higher  frequencies  would  be  accentuated, 
giving  a  generally  'choppier'  response.  At  500-600  ft  there  would  be  a  wide  distribution  of  gust  wave¬ 
lengths  but  nearer  the  ground  the  distribution  of  significant  wavelengths  would  narrow,  as  ths  Influence 
of  long  wavelength  gusts  decreases.  A  second  pilot  said  that,  for  the  height  band  below  1000  ft, 
bvmpiness  gets  worse  down  to  some  height,  then  gets  better.  These  comments  can  be  correlated  with  the 
observed  variation,  with  altitude,  of  the  soale  length  of  the  power  spectrum  of  vertical  turbulence 
(section  2.2). 


In  the  above  remarks  on  aircraft  response  we  have  drawn  heavily  on  Refs.  1  and  2,  .-here  the 
representation  of  low  altitude  turbulence  in  piloted  ground-based  simulators  is  discussed.  This  work  is 
particularly  relevant  here  in  two  senses.  In  the  first  place,  an  understanding  of  the  significant 
properties  of  atmospheric  turbulence  is  important  for  the  creation,  in  simulators,  of  a  representative 
environment  and  work  load  for  the  assessment  of  handling  qualities.  Secondly,  the  subjective  impressions 
of  pilots,  by  contrasting  real  flight  with  simulated  flight  using  'synthetic'  turbulence,  have  provided 
useful  cues  as  to  the  limitations  of  conventional  turbulence  models  and  assisted  our  understanding  of 
gust  structure,  frequent  criticisms  made  in  the  Aero  flight  simulator  at  the  Royal  Aircraft  Establislm»*nt, 
Bedford,  have  been  that  the  simulated,  or  synthetic,  turbulence  led  to  aircraft  response  that  was  too 
regular,  that  there  were  not  enough  'big  gusts'.  The  simulated  turbulence  tends  to  be  too  predictable, 
the  number  of  large  isolated  gusts  experienced  in  the  simulator  being  low  in  comparison  with  flight. 

Hiis  criticism  was  voiced  particularly  strongly  during  simulation  of  a  large  slender-wing  aeroplane. 

Pilots  were  mainly  aware  of  this  deficiency  for  side  gusts  and  the  associated  bank-angle  disturbances. 

Ihese  criticisms  can  be  explained  in  terms  of  differences  between  the  statistical  properties  of 
8 inflated  and  real  turbulence  (section  2.3).  It  appears  that  a  conventional  filtered  Gaussian  noise 
signal,  which  is  canon  to  standard  noise  generators  and  traditional  turbulence  models,  is  adequate  in  a 
simulation  if  the  purpose  is  merely  to  force  the  pilot  to  exercise  positive  control  over  his  aeroplane, 
but  that  simulations  with  the  objective  of  assessing  such  factors  as  workload,  or  control-power  require¬ 
ments,  require  an  input  which  reproduces  the  intermittent,  large,  and  potentially  more  critical 
disturbances  which  occur  in  the  real  atmosphere.  These  characteristics  of  turbulence  are  of  importance 
for  a  realistic  assessment  of  the  handling  and  ride  qualities  of  an  aircraft  in  rough  air  and  are  taken 
into  account  in  the  turbulence  models  that  we  shall  ixjw  go  on  to  describe. 

2.  POWER  SPECTRA  AND  INTEBilTTafCr 

2.1  TUHBULBNCE  IN  THE  EARTH'S  BOUNDARY  LAYER 

Turbulence  in  the  earth's  boundary  layer  is  derived  from  two  principal  sources,  a  mechanical  source 
and  a  thermal  sourer.  The  mechanical  source  is  a  combination  of  shear  and  surface  roughness.  The  thermal 
source  is  the  vertical  motion  of  warn  air. 


In  strong  winds  the  stability  is  approximately  neutral,  the  mechanical  source  dominates,  and  the  air 
flow  bears  acme  similarity  to  the  flow  of  a  turbulent  boundary  layer  around  an  aerodynamic  surface.  This 
is  the  most  common  source  of  large  gusts.  There  is  no  clear  upper  height  limit,  but  usually  the 
turbulence  below  1000  m  is  regarded  as  low  altitude  turbulence,  fbr  aircraft  applications  the  main 
interest  is  up  to  some  300  a  above  the  terrain  with  the  bottom  30  m  being  of  crucial  importance  for 
aircraft  landing.  Close  to  the  ground  the  turbulence  includes  the  eddies  behind  obstacles  such  as 
buildings,  trees  etc.,  (which  define  'surface  roughness').  Recent  interest  in  the  operation  of  STOL 
aircraft  into  urban  sites  has  provoked  investigation  of  this  type  of  turbulence,  although  only  preliminary 
results  are  at  present  available^.  Higher  up  the  wind  shear  is  the  main  turbulence  source,  although 
downwind  of  an  urban  area  the  influence  of  terrain  roughness  night  be  exoccted  to  influence  much  of  a 
landing  approach. 


Large  and  rapid  fluctuations  of  wind  are  not,  however,  confined  to  situations  where  the  mean  wind 
preceding  th*  is  strong.  Large  gusts  which  occur  when  the  wind  had  previously  been  relatively  light 
are  associated  with  thermal  convection  in  and  above  the  earth's  boundary  layer  and  tho  larger  of  tha 


(which  have  resulted  in  a  titmber  of  accidents)  are  associated  with  thunderstorms4’ 5  and  are  usually 
referred  to  as  squalls,  The  average  number  of  squalls  per  year  at  HAE  Bedford,  over  the  last  five  years, 
has  bean  forty,  and  on  one  of  these  occasions  an  aircraft  touched  down  with  a  large  sideways  velocity. 

Had  the  runway  not  been  wet,  allowing  the  aircraft  to  slide  sideways,  the  result  could  have  been  serious. 
Standard  meteorological  records  have  a  timescale  such  that  the  rapidity  of  wind  fluctuations  in  squalls 
cannot  be  resolved  to  the  accuracy  needed  to  predict  the  effects  they  would  have  on  aircraft.  In  an 
attempt  to  obtain  further  information,  continuous  records  of  wind3peed  at  heights  of  33  ft,  50  ft  and 
100  ft  have  been  obtained  on  an  expanded  timescale  using  an  instrumented  tower  at  HAE  Bedford,  An 
example  of  such  a  squall  is  illustrated  in  Pig.  2.  Although  the  recording  speed  is  about  twelve  times 
that* of  the  standard  Meteorological  Office  instrument,  it  is  still  inadequate  to  resolve  the  more  rapid 
fluctuations.  A  further  recording  systan,  involving  an  additional  speeding  up  by  a  factor  of  30  has 
therefore  been  introduced. 


Taking  together  the  cases  of  gusts  associated  with  steady  winds  under  approximately  neutral 
conditions  and  gusts,  or  squalls,  associated  with  convective  conditions,  we  find  turbulence  records 
which  have  a  predominantly  irregular  or  random  pattern  together  with  cases  where  isolated  'discrete  I 

gusts'  stand  out  in  a  clearly  identifiable  manner.  Due  to  the  randomness  of  turbulence  it  is  necessary 
to  introduce  statistical  analysis  into  its  analytical  definition.  The  ambivalent  nature  of  turbulence  j 

has  led  in  the  past  to  widely  differing  ways  of  attempting  to  describe  it:  on  the  one  hand  its  tendency 
to  fluctuate  in  a  chaotic  random  manner  has  suggested  that  the  mathematical  theory  of  continuous  random 
processes  be  taken  as  a  basis,  on  the  other  an  impression  that  the  larger,  and  for  aircraft  applications  , 

more  significant,  fluctuations  could  somehow  be  singled  out  as  individual  'events*  has  led  to  various  ! 

forms  of  discrete  gust  model,  i 


The  question  of  how  to  best  describe  atmospheric  turbulence  for  aircraft  applications  has  been  the 
subject  of  a  great  deal  of  work  in  recent  years,  and  in  the  present  paper  we  contrast  two  proposed  solutions: 
a  Gaussian  process  model  and  a  recently  developed  discrete  gust  model. 

Two  concepts  that  we  shall  emphasise  in  our  descriptions  of  atmospheric  turbulence  are  the  power 
spectrum  and  intemittency.  The  power  spectral  density  function  is  by  now  a  well-understood  concept"  and 
has  been  used  for  some  time  as  a  basis  for  turbulence  models.  It  describes  the  distribution  of  mean 
square  gust  velocity  among  the  wavelengths  of  turbulence,  for  samples  consisting  of  a  sufficient  number 
(of  order  ten  to  twenty)  of  the  longest  wavelengths  of  interest.  Measured  soectral  densities  of  atmospheric 
turbulence  show  a  high  degree  of  consistency  and  agreement  with  theory,  and  provide  our  principal  single 
source  of  co-ordinated  information.  Examples  of  measured  spectra  will  be  illustrated  in  the  following 
section  (Kgs.  3,5).  Two  features  common  to  all  the  measured  spectra  3hould  be  noticed.  Krst,  at 
higher  frequencies  (shorter  wavelengths)  the  turbulence  intensity  decreases  rapidly,  approximately  as 
frequency, or  wavenumber,  to  power  (-5/3).  Second,  at  lower  frequencies  (longer  wavelengths)  the  slope 
of  the  spectrum  tends  to  decrease.  Although  the  general  shape  is  similar  for  many  spectra,  the  form  at 
the  longer  wavelength  end  tends  to  vary  between  the  different  velocity  components  of  turbulence  and  to 
depend  to  a  larger  extent  unon  meteorological  conditions.  The  wavelength  marking  the  demarcation  between 
the  (-5/3)  region  and  the  longer  wavelengths  is  related  to  the  so-called  turbulence  scale,  usually  denoted 
by  L.  The  turbulence  scale  is  a  very  important  narameter  not  only  for  the  studies  of  turbulence  itself 
but  also  in  the  study  of  aircraft  response. 

■Whilst  the  power  spectrum  provides  a  great  deal  of  useful  information  concerning  the  turbulence,  it 
is  not  by  itself  sufficient  to  predict  the  magnitudes  of  the  disturbances  that  turbulence  produces  in 
aircraft  response,  for  example  as  measured  by  the  magnitudes  of  response  peaks.  The  point  is  that  the 
spectrum  only  describes  the  'average'  energy,  in  any  particular  range  of  wavelengths  over  a  relatively 
long  sample.  It  does  not  specify  the  way  in  which  this  energy  is  distributed  in  space.  Consequently, 
two  random  processes  whose  time  histories  differ  considerably,  one  consisting  of  continuous  random 
fluctuations  and  the  other  of  intermittent  'bursts'  of  activity,  may  have  identical  spectra.  They  would, 
however,  tend  to  produce  very  different  effects  on  aircraft.  In  recent  work'-™  on  the  structure  of 
atmospheric  turbulence  and  its  relation  to  aircraft  response  we  have  thus  emphasised  the  importance  of 
going  beyond  the  power  spectrum  description,  and  of  investigating  the  spatial  distribution  of  turbulence 
energy  in  wire  detail.  It  has  been  found  that,  if  measured  turbulence  i3  passed  through  a  bandpass 
filter,  with  centre  frequency  on  the  (-5/3)  part  of  the  spectrum  and  bandwidth  of  about  one  octave 
between  half  amplitude  points,  significantly  larger  peaks  occur,  standing  out  from  the  average  level  of 
fluctuation,  than  in  the  filtered  output  of  a  standard  Gaussian  noise  generator.  This  behaviour  may  be 
described  as  'high  inteaaittency* ,  consisting  of  largo  fluctuations  separated  by  regions  of  relative 
inactivity.  This  result  applies  both  to  the  continuous  turbulence  fluctuations  which  cccur  under  strong 
wind  conditions,  and,  to  an  even  greater  extent,  to  tho  wind  fluctuations  in  convective  (squall) 
conditions.  In  the  following  sections  we  shall  show  how  this  intermittent  structure  of  atmospheric 
turbulence  can  be  quantified  for  applications  to  aircraft  response,  by  means  of  a  discrete  gust  model 
which  is  compatible  with  the  measured  power  spectra. 


Measurements  of  low  altitude  turbulence  fluctuations  can  be  made  either  by  instrumented  aircraft  or 
by  anemometers  and  wind  vanes  mounted  on  towers,  rbr  economic  reasons  most  mea3urajonts  have  been 
made  using  tower  based  instruments,  the  fluctuations  in  time  at  a  fixed  point  in  space  being  converted  to 
equivalent  3patial  fluctuations  on  the  assumption  that  the  turbulence  is  'frozen'  into  tho  wind  and 
convected  past  the  measuring  point  at  the  mean  wind  speed  (Taylor's  hypothesis).  Spatial  frequency  (or 
wavenumber)  k,  in  cycles  per  metre,  and  frequency  f  in  Hs  are  then  related  by 

f  =  Vk 

where  V  is  the  relative  velocity,  in  metres  per  sec,  of  the  mean  wind  and  the  measuring  point.  Whilst 
care  has  to  be  exercised  using  this  technique,  and  cross  checks  using  spatial  measurements  made  wherever 
possible,  the  results  obtained  in  this  way  appear  generally  to  be  adequate  as  a  first  approximation,  and 
arc  the  basis  of  the  measured  turbulence  properties  that  we  shall  describe.  An  exceation  to  the 
applicability  of  Taylor's  hypothesis  arises  in  the  case  of  turbulence  in  the  wakes  of  buildings,  os 
significant  time  variations  in  wind  velocity  at  a  point  can  then  arise  due  to  lateral  relative  movement  of 
weke  and  measuring  point,  particularly  at  the  lower  frequencies.  Estimates  of  spatial  gradients  can  then 
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only  be  made  by  spatial  traverses,  adding  greatly  to  the  complexity  of  measuranent  techniques. 

2.2  POWER  SPECTRA 

As  we  have  described  in  more  detail  elsewhere10,  both  the  concepts  of  power  spectrum  and  inteimittency 
can  be  interpreted  in  terns  of  the  response  to  turbulence  of  a  set  of  band  pass  filters. 

Consider  a  turbulence  sample  v(t)  of  length  T,  from  which  the  mean  has  been  removed,  expressed  as -a 
function  of  time  t.  Making  use  of  Taylor's  hypothesis,  t  can  be  related  to  distance  s  throu^i  the 
equation  8  «  Vt,  where  V  is  the  relative  velocity  of  the  recording  point  (aircraft  or  anaaometer)  and 
the  mean  wind,  te  suppose  the  sample  v(t)  to  be  passed  througi  a  set  of  band  pass  alters.  These  are 
illustrated  (Pig.  7)  as  idealised  filters  with  sharp  cut-off,  completely  passing  signals  with  frequency 
within  the  passbaad  and  completely  rejecting  signals  with  frequency  outside  it.  In  practice,  of  oourse, 
we  are  concerned  with  filters  whose  modulus  decays  smoothly  to  zero  outside  the  pas abend  (oonveniontly 
defined  by  the  modulus  half  amplitude  points).  The  ith  filter  (Pig.  7)  has  oentre  frequency  f1# 

bandwidth  Af^ ,  and  output  vi(t).  This  filter  will  be  denoted  by  (f^,  Af^). 

Ihe  power  spectrum  of  v(t)  describes  the  distribution  of  AVERAGE  ENERGY  of  the  sample,  with  respect 
to  the  pass  bands  considered,  as  measured  by  the  MEAN  SQUARE  filter  outputs. 

The  theory  leading  to  the  definition  of  the  power  spectral  Sy(f)  involves  simultaneously  letting 
the  bandwidths  Af.-^o  and  the  sample  length  T  — >  00 .  Then  the  mean  square  value  of  v(t)  can 
be  written  in  the  form 


0) 


and  S  (f)  df  corresponds  in  the  limit  to  the  mean  square  output  of  a  filter  of  bandwidth  df 

localised  at  frequency  f.  R>r  the  analysis  of  practical  samples  of  length  T,  finite  filter  bandwidth 
has  to  be  retained,  and  instead  of  a  continuous  function  Sv(f)  we  obtain  a  SPECTRAL  wtmviLim  defined  at 

a  finite  set  of  filter  centre  frequencies.  Equivalent  definitions  of  the  power  spectrum  nay  be  given  by 
taking  fburier  Transforms,  either  of  the  auto-correlation  function  of  v(t)  or  of  v(t)  directly  (Past 
iburier  Transform).  The  measured  spectra  illustrated  in  this  paper  were  in  fact  obtained  via  the  auto- 
correlation  function.  We  have  outlined  the  approach  in  terms  of  filters  as  this  method  leads  naturally 
to  the  quantification  of  the  concept  of  intermittency  (section  2.3). 

A  typical  power  spectrum  of  a  measured11  longitudinal,  or  along-wind,  component  of  turbulence  in  a 
steady  wind  is  illustrated  in  fig.  3.  Expressed  in  terms  of  wavenumber  (spatial  frequency)  k  in  cycles 
per  m,  such  spectra  may  be  conveniently  sub-divided  into  two  separate  regions;  at  the  high  wavenumber 
end  the  spectrum  is  proportional  to  k-5/3,  whereas  at  the  low  wavenumber  end,  down  to  the  lowost  wave- 
number  oi  interest  in  aeronautical  applications,  it  takes  the  approximate  form  lc~1.  The  break  point 
between  these  two  asymptotic  slopes  defines  the  'scale  length'  of  the  turbulence.  In  physical  terms, 
the  k  spectrum  corresponds  to  a  turbulence  'energy  production*  range  of  wavelengths  containing  the 

T^nL04^®3  °f  t'fbuleat  atmospheric  boundary  layer,  and  the  k"-’' 3  spectrun  is  predominantly  a 
range  of  energy  transfer,  consisting  of  eddies  of  all  sizes  between  the  energy  pr^u^^ZrL£  the 
Mall  scale  at  which  energy  is  dissipated  by  viscosity.  Visoosity  only  begins  to  affect  th^lpeotit®  at 
short  wave  vengths  in  the  range  1  to  10  cm,  which  is  not  of  practical  aeronautical  importance. 

As  an  illustration  of  the  practical  significance  of  the  above  mentioned  ranges  of  wavelengths, 
fluctuations  in  normal  acceleration  of  a  conventional  aircraft  in  a  landing  approach  are  usually 
predominantly  excited  oy  the  k-5/3  region,  in  contrast  to  quantities  suoh  as  rata  of  descent  and  airspeed 
more  likely  to  he  excited  by  the  k~1  region.  In  the  cane  of  STOL  aircraft, 

lS? o  i°W  fr!p!ed?»  significant  gusts  tend  to  he  much  shorter  (section  4),  and  these 
latter  quantities  also  tend  to  lie  in  the  k_5/3  region. 

spectrum^  giwn’by1'*  ^  h8*B  mt®d  BeaSUred  8Pecta»  bo  model  spectra  typified  by  the  von  Kaiman 
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C r  ia  tha  Bean  B’Paxe  intensity  and  L  is  a  scale  length,  fbr  large  values  of  k,  we  have 
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whereas  for  small  k 


$  (U)^/  COnS^ovt . 

A  plot  of  equation  (2)  in  log-log  form  is  shown  in  Pig,  8, 

The  measured  data  (Pig.  3  )  fit  the  large  wavenumber  region  of  the  von  Kaaar  ODectnm  modal 
pwdSall *  foMMuIntiv  t6UdS  **  13010  enez8P  at  low  wavsrumlbalTthen  this^del 
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as  illustrated  in  Kgs.  3,4.  This  model  spectrum  (Kg.  8)  has  the  advantage  that  it  provides  a  better 
xit  to  the  measured  data  and  there  is  less  ambiguity  in  the  estimation  of  scale  length  L  than  with  the 
von  Harm an  spectrum. 


More  fundamentally,  the  scale  length  defined  using  equation  (  3  )  is  a  good  measure  of  the  largest 


1 organised  eddies'  in  the  turbulence  as  we  shall  discuss  in  the  following  section.  Put  simply,  there 
is  a  detectable  decrease  in  the  intermittency  of  the  turbulence  as  we  pass  from  the  k"5/3  to  the  k“' 


range,  and  the  scale  length  defined  by  equation  (3)  thus  has  the  advantage  of  corresponding  to  a  change 
in  the  physical  characteristics  of  turbulence. 


fbr  practical  reasons,  other  forms  of  power  spectrum  model  have  been  much  used  in  the  past.  For 
example,  by  passing  a  white  noise  signal  througi  a  simple  filter,  spectra  (the  Dryden  speotra)  of 
roughly  the  same  shape  as  the  von  Kansan  spectrum,  but  taking  the  form  k"2  at  short  wavelengths,  may 
be  obtained.  5his  type  of  model  is  therefore  attractive  for  simulator  applications1*2*12,  as  'synthetic1 
turbulence  of  this  form  is  eady  to  generate  electronically.  However,  a  signal  obtained  in  this  way 
generally  has  the  properties  of  a  Gaussian  random,  process  and,  as  we  shall  describe  (section  2. 3)  has 
important  deficiencies  for  simulation  purposes. 


In  the  case  of  the  vertical  component  of  turbulence,  the  measured  spectra  indicate  comparatively 
less  energy  at  low  frequencies  (long  wavelengths).  A  good  description  of  the  measured  spectra  may  be 
obtained  using  an  ‘asymptote*  model  with  three  ranges:  a  k-5/3  range  at  short  wavelengths,  a  k-*1  range 
at  intermediate  wavelengths  and  a  range  of  constant  spectral  density  at  long  wavelengths  (Fig.  5).  The 
first  two  ranges  follow  the  same  general  pattern  as  for  the  longitudinal  component,  but  now  the  measured 
k"1  range  is  more  limited  in  extent,  fbr  many  engineering  purposes,  as  in  the  case  of  the  longitudinal 
component,  an  adequate  fit  to  the  measured  speotra  may  be  obtained  by  appropriate  choice  of  parameters  in 
either  the  von  Karin  an  or  Dryden  spectrum  forms. 


The  lateral  (across  wind)  turbulence  component  has  not  been  analysed  so  extensively  as  the  other  two. 


range  as  in  the  longitudinal  component.  Moreover,  there  is  evidence  that  at  these  longer  wavelengths  the 
spectrum  of  the  lateral  turbulence  component  is  particularly  sensitive  to  meteorological  conditions,  varying 
from  day  to  day,  A  further  complication  is  that  fluctuations  in  the  lateral  component  measured  at  a  fixed 
point  in  space  by  an  anemometer  may  differ  significantly  from  the  corresponding  fluctuations  observed  by 
an  aircraft  flying  along  the  mean  wind  direction,  owing  to  local  effects  of  terrain  on  wind  direction  at 
the  longer  wavelengths.  Ho  direct  comparisons  of  tower  and  aircraft  data  are  available  for  this  case. 


Measured  turbulence  power  spectra  (e.g.  Kgs.  3,5)  indicate  a  trend  with  altitude  in  which  the 
scale  length  and  long  wavelength  energy  decrease  as  height  is  reduced  (Kg.  4).  Under  certain  conditions 
(particularly  neutral  tending  to  stable  conditions)  there  is  also  an  associated  tendency  in  both  longitudinal 
and  vertical  components  for  the  short  wavelength  energy  ',0  increase  as  altitude  is  reduced  (Figs.  4,6). 

Thus  an  aircraft  descending  through  the  earth's  boundary  layer,  on  a  landing  aoproach  for  instance,  nay 
experience  a  treixl  in  which  the  disturbances  at  low  frequencies,  including  airspeed  and  rate-of -descent 
fluctuations,  decrease  and  those  at  higher  frequencies,  such  as  normal  acceleration  and  rate  of  pitch, 
increase.  In  the  latter  case,  there  nay  be  a  subsequent  decrease  near  tc  the  ground  as  the  change  of 
scale  length  with  altitude  causes  the  turbulence  wavelengths  influencing  the  mode  in  question  to  pass  from 
the  k~V3  to  the  k*1  range.  These  inferences  are  compatible  with  the  subjective  pilot  experience  described 
in  section  1. 


!he  variation  of  scale  length  with  altitude  is  illustrated  in  Kg.  9,  the  results  for  each  component 
representing  the  mean  of  a  series  of  about  16  one-hour  measurements,  under  steady  wind  conditions.  These 
HAS  Bedford  measurements  have  been  compared1"'  with  data  free  other  sources  and,  when  put  into  directly 
comparable  form, the  agreement  is  good.  She  scale  length  L  for  the  horizontal  component  was  calculated  by 
taking  the  break  in  the  'asymptote'  model  spectrum  to  occur  at  a  wavelength  of  2L  as  in  Kg.  3.  In  the 


case  of  the  vertical  turbulence  component,  two  scale  lengths  L,  bQ  are  defined,  L  corresponding  to  the 


break  between  the  k*^  and  k*1  spectrum  ranges,  and  Lq  to  the  break  between  the  k-1  and  constant  spectral 
density  ranges  (Kg.  5). 


2.3  KTSHMITOENCf 


Examination  of  filtered  records  of  measured  turbulence,  using  bandpass  filters  (of  roughly  octave 
width)  with  passband  centre  lying  in  the  k~V3  3pectrun  region, shows  that  the  spatial  distribution  of 
energy  within  such  a  passband  is  intermittent,  in  the  sense  that  it  contains  localised  concentrations  of 
energy  of  considerably  greater  intensity  than  would  occur  in  a  sample  taken  from  a  Gaussian  process  with 
the  3aae  power  spectrum.  As  discussed  in  Hef.  10,  there  is  a  reciprocal  relationship  between  the 
bandwidth  Afj  of  a  filter  and  its  decay  time  in  response  to  a  transient  disturbance,  fbr  an  octave 

width  bandpass  filter,  with  bandwidth  Aik  satisfying  AXk/ik  »  1,  the  decay  tine  is  sufficiently  short 
for  any  large  peak  ir  filter  response  vi(t)  (Kg.  7)  at  t  ■  t»  to  be  associated  with  a  limited  region  of 
the  input  v(t)  in  the  neighbourhood  of  t  -  t'f  covering  an  interval  of  approximately  l/(2fj).  Such  an 
interval  is  a  region  of  relatively  high  energy  concentration  in  the  sense  that  its  contribution  to  the 
energy  in  the  bandwidth  A  f ^  is  abnormally  high,  fbr  filters  lying  in  the  spectno  region  the 

probability  distribution  of  peak  amplitudes  in  the  (octave  width)  filter  response  can  be  well  represented 


<V 
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by  an  exponential  distribution,  showing  that  the  energy  concentrations  are  signficiantly  greater  than 
would  be  expected  in  a  Gaussian  process.  This  is  illustrated  in  Kg.  10  where  the  probability  densities 
of  ponies  in  the  output  of  such  a  bandpass  filter,  applied  both  to  a  measured  sample  of  the  longitudinal 
component  of  turbulence  and  to  the  corresponding  signal  from  a  matched  Gaussian  uoise  generator,  are 
compared.  In  terns  of  the  root  mean  square  value  <T  of  the  filter  output,  it  can  be  seen  that  a 
signifioantly  greater  number  of  large  (>2.5  <r)  and  small  (<  <r  )  peaks  occur  in  the  real  turbulence, 
with  a  corresponding  smaller  number  of  peaks  in  the  range  between  <T  and  2.5<7"  . 


Although  intermitteacy  has  been  illustrated  for  the  case  of  octave  bandwidth  filters,  it  persists 
as  bandwidth  is  reduced  and  appears  as  a  property  of  the  response  to  turbulence  of  many  aircraft  modes  of 
interest.  An  important  application  of  this  property  is  to  ground-based  simulators' »  .  There  is  a  signifi¬ 
cant  difference  between  the  distribution  of  peaks  in  aircraft  response  to  real  turbulence  and  the  distribu¬ 
tion  of  peaks  in  simulator  response  using  a  conventional  Gaussian  noise  generator,  even  though  in  the 
latter  case  the  power  spectrum  is  shaped  correctly.  Pilots  appear  to  be  particularly  sensitive  to  the 
large,  intermittent,  response  peaks  and  the  increased  number  of  peaks  above  the  2.5<rlevel  (Pig.10), 
associated  with  real  turbulence,  may  be  correlated  with  their  subjective  criticisms  of  the  'predictability* 
of  the  disturbances  produced  by  the  standard  noise  generator.  As  a  result  of  the  good  correlation 
between  measurements  and  subjective  pilot  comments,  work  is  in  progress1* 2  at  BAB  Bedford  on  an  improved 
gust  generator  for  simulator  applications,  incorporating  non-linear  transformation  of  a  Gaussian  process, 
to  reproduce  the  desired  statistical  features. 


u-5/3 


The  measurement  illustrated  in  Kg.  10  refers  to  wavelengths  within  the  spectrum  range.  At 

longer  wavelengths  the  distinction  between  real  turbulence  and  a  Gaussian  process  with  a  matched  spectrum 
becomes  less  marked.  Recent  measurements  suggest  that  at  the  longer  wavelengths,  in  particular  the  k_1 
energy  production  range  (Kgs,  3  and  5),  the  intermittency  becomes  less  significant  and  the  current  method 
of  turbulence  simulation  using  Gaussian  noise  is  probably  adequate. 


3.  TURBULENCE  MODELS  IDR  PflEDICTING  LABGE  RESPONSE  EXCURSIONS 


3.1  GENERAL  REMARKS 


It  has  been  emphasised  in  section  1  that  a  pilot  is  mainly  sensitive  to  the  intensity  of 
relatively  large  response  peaks,  rather  than  to  the  average  level  of  fluctuating  response  as  measured  by 
the  mean  square  intensity.  Thus  in  order  to  be  able  to  predict  handling  and  ride  qualities  associated 
with  turbulence,  it  is  necessary  to  evaluate  the  probability  of  occurrence  of  relatively  large  response 
excursions.  In  this  section  we  contrast  two  techniques  that  are  at  present  available  for  this  purpose i 
the  Gaussian  process  model  and  a  relatively  new  discrete  gust  model. 


Bio  problem  may  be  formulated  in  terms  of  the  'systems'  representation  of  aircraft  response  y  to  a 
turbulence  input.  Kg.  1.  The  transfer  function,  or  frequency  response  function  Ty(f ) ,  relating  input  v(t) 

to  response  y(t),  is  determined  by  the  aircraft  dynamics.  The  question  we  now  ask  1st  how  can  the  average 
rate  of  occurrence  of  large  excursions  of  y  he  expressed  in  terms  of  measurable  properties  of  turbulence 
and  the  aircraft  frequency  response.  This  rate  of  occurrence  (per  mile,  or  per  hour,  etc. )  may  be 
expressed  either  in  terms  of  the  'rate  of  crossing'  or  any  arbitrary  level  or,  equivalently,  in  terms  of 
the  rate  of  occurrence  of  peaks  above  such  levels. 


To  determine  the  'crossing  rate'  theoretically  it  i3  necessary  to  know  the  joint  probability  density 
p(y,y) »  where  y  =  ^  for  the  response  quantity  y  being  studied.  If  the  number  of  crossings  with 

positive  slope  (i,e.  when  the  signal  crosses  the  level  y  from  below  to  above)  is  N  ,  then 

-  ^  * 
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a  result  due  to  S.O.  Rice.  Thus  if  |i(y,y)  is  known,  can  be  evaluated.  The  principal  difficulty  is 

that  in  practice  the  form  of  the  joint  density  (y,y)  is  NOT  known.  It  is  in  general  not  a  joint  normal 
distribution,  and  it  depends  on  the  higher  order  joint  probability  distributions  of  turbulence  velocity 


v(t)  in  a  complicated  way,  depenaent  on  the  system  frequency  response  function  Ty(f).  Thus  this  general 


method  of  approach  to  the  problem  has  not  proved  particularly  useful  in  practice,  and  no  generally 
applicable  results,  based  on  measurements  of  atmospheric  turbulence,  concerning  f?(y,y)  are  available. 

In  order  to  obtain  practical  results  it  is  thus  necessary  to  introduce  a  TURBULENCE  MOBEL  at  this 
stage,  which  simplifies  the  solution  of  the  problem  and  yet  retains  sufficient  of  the  characteristics  of 
real  atmospheric  turbulence  to  provide  realistic  answers.  We  now  briefly  outline  and  contrast  two 
models  of  turbulence  structure  that  are  currently  available  for  this  purpose:  the  'Caussian  process 
model*  and  a  relatively  new  discrete  gas t  model. 


3.2  GAUSSIAN  PROCESS  MOBEL 

The  Gaussian  process  model  ^ (often  loosely  referred  to  as  a  'power  spectrum  model')  makes  use  of 
the  following  relationship  between  turbulence  input  apeotwa  Sy(f),  output  or  response  spectrum  S  (f). 


and  modulus  of  systac  frequency  response  function  T  (f)  j 


Prom  3  (f)  the  mean  square  value 
frequencies.  A  knowledge  of  CTJ 


<J^  of  the  response  y(t)  can  be  calculated  by  integrating  over  all 
may  be  adequate  for  some  purposes,  for  example  the  design  of  linear 
control  systems,  but  in  the  present  context  wo  are  interested  in  the  rates  of  exceedance  of  relatively 
large  levels  of  response.  To  this  end  the  Gaussian  process  model  is  based  on  the  following  assumptions: 
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1.  Atmospheric  turbulence  can  he  split  into  reasonably  small  patches,  each  with  a  oonstant  value  of 
root  mean  square  turbulence  velocity. 

2.  Turbulence  in  each  patch  can  be  regarded  as  a  stationary  Gaussian  process. 

3.  The  power  spectrum  for  each  patch  is  assumed  known. 

4.  The  patches  are  long  enough  for  the  aircraft  response  to  be  in  a  state  of  'statistical  equilibrium'. 

Erom  the  ebove  hypotheses  it  follows  that  tbs  response  y(t)  in  eaoh  patch  is  also  a  stationary  Gaussian 
process,  allowing  H  ,  equation  (£-),  to  be  calculated®*  1C-  simply  on  the  bis  is  of  the  power  spectrum  S  (f). 

j  ‘  «T 

The  weakness  of  the  Gaussian  process  model  is  that  measured  peaks  in  the  response  of  aircraft  to 
patches  of  turbulence  often  closely  follow  an  exponential  distribution,  containing  more  large  peaks  than 
in  the  response  to  a  Gaussian  process.  Ibis  weakness  derives  from  a  failure  to  take  account  of  the 
existence,  in  atmospheric  turbulence,  of  the  relatively  intense  concentrations  of  energy  that  have 
already  been  described  in  seotion  2,3.  These  remarks  are  particularly  applicable  in  the  case  where  the 
response  mode  is  fairly  well  damped  (damping  ratio  >  O.i,  which  is  usually  satisfied  by  the  modes 
relevant  to  aircraft  handling)  and  where  the  response  is  predominantly  at  wavelengths  less  than  the 
turbulence  scale  length. 

3.  3  DISCRETE  GOST  MODEL 

The  discrete  gust  model,  in  the  form  to  be  described,  models  the  intense  energy  concentrations  in 
atmospheric  turbulence  by  means  of  a  family  of  discrete  ramp  gusts  (Jig,  ll)  covering  a  wide  range  of 
gradient  distances  and  intensities.  As  described  in  section  2.3,  localised  regions  of  high  turbulence 
energy  concentration  may  be  identified  by  means  of  the  large  peaks  they  produce  in  octave-width  bandpass 
filters.  Such  an  energy  concentration  tnkea  the  form  of  a  large  change  in  turbulence  velocity  over  a 
distance  related  to  the  frequency  of  the  filter  and  can  be  represented  by  a  discrete  ramp  gust  of 
appropriate  gradient  distance  and  intensity  proportional  to  the  magnitude  of  the  peai.  in  filter  output. 

The  rtaap  gust  may  be  made  up  of  straight  line  segments  (fig.  11a)  or  may  contain  half  a  cycle  of  a  sine 
wave  (Kg.  11b). 

Starting  from  the  concept  of  a  self-similar  random  process  it  has  been  shown0 that  a  suitable 
family  of  discrete  gusts,  appropriate  in  the  range  of  wavelengths  where  the  spectrum  takes  the  form 

k~5//3  is  as  follows  i 

Hjj^dH  13  the  number  of  discrete  ramp  gusts  per  milo  (say),  in  the  length  range  (H,&-dH)  and  having 
intensity  greater  than  w  (5ig.  1l),  where 

The  parameters  and  k^  which  through  equation  (  4>  )  define  the  discrete  gust  model  of  a  patch  of 

turbulence,  may  be  determined  from  the  measured  peaks  in  the  outputs  v.  (t)  of  a  set  of  bandpass  filters 
(fig.  7)  as  described  ir.  Kef.  10.  A 

ffe  now  consider  the  evaluation  of  aircraft  response  on  the  basis  of  this  discrete  gust  model.  As 
for  the  Gaussian  process  model  we  consider  the  response  y(t)  of  an  aircraft  mode  with  frequency  response 
funccion  Ty(f)  to  a  turbulence  velocity  component  v(t)  (fig.  l). 

Although  the  family  of  discrete  gists,  equation  (  (e>  ),  consists  of  gusts  of  a  wide  range  of  lengths, 
it  is  a  feature  of  the  discrete  gust  theory8*?  that  for  any  particular  aircraft  mode  the  atmosphere  "* 
appears  effectively  ea  a  sequence  of  gusts  with  lengths  in  a  limited  range  -  centred  on  the  'tuned  gust 
length*  of  the  mode.  The  nauber  of  gusts  per  unit  distance  which  produce  significantly  large  peak 
values  in  the  response  depends  both  upon  the  statistical  model  of  discrete  gusts  in  the  nei^ibourhood  of 
this  tuned  gust  length,  and  upon  the  'gust  length  sensitivity'  of  the  node  -  a  measure  of  the  range  of 
gust  lengths  contributing  to  the  large  response  peaks.  A  peak  response  function  tf(H)  is  defined  (Kg.  12) 
to  be  the  magnitude  of  the  peak  response  to  a  single  discrete  ramp  gust  of  length  H  and  intensity  «  .  hVS. 
Denoting  jy  n.y  the  average  number,  per  unit  distance,  cf  response  peaks  greater  than  magnitude  y,  it  is 

shown  in  Ref.  9  that  XSny  is  a  universal  function  of  y/  %  (3),  where  H  is  the  TONE)  GUST  LENGTH  at 

JT(H)  attains  its  maximum,  and  X  is  the  GUST  LffiGOH  SaJSTOVm, which  is  a  measure  of  the  breadth  of 
the  peak  in  2T (H).  \  may  be  evaluated  using  the  equation  , 

(?-h) - vc jj/gjr,  r7) 

im  J  J 

°f  ^  lengthS  in  the  di8Crete  «**  faaily  del'inea  b*  elation  ( to  ),  By  may  then  be 

v  J5l.  (i) 

1u3uh)J  xh 


[  8  )  and  ^  associated  equation  (  fc>  )  are  equally  applicable  to  an  entire  aircraft  life 
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The  basic  assumptions,  and  conditions  for  applicability,  of  the  discrete  gust  and  Gaussian  process 
models  have  been  reviewed  in  fief,  10,  It  was  concluded  that  these  models  are  ideally  applicable  under 
differing  limiting  conditions.  In  particular,  the  discrete  gust  model  is  itell  suited  to  the  treatment  of 
most  of  tho  rigid  body  modes  relevant  to  the  assessment  of  aircraft  control  and  handling  qualities,  The 
Gaussian  process  model  is  more  appropriate  for  the  treatment  of  modes  whose  primary  response  is  at 
wavelengths  longer  than  that  defined  by  the  turbulenoe  scale  length,  and  for  calculating  tha  response  of 
very  lightly  damped  modes, 

4.  EXAMPLE  OP  APPLICATION  OP  aiSGRSTE  GOST  MODEL 

As  an  illustration  of  how  the  discrete  gust  model  for  turbulence  may  be  employed  to  predict  the 
magnitude  of  relatively  large  response  peaks  in  aircraft  response,  we  now  consider  the  case  of  an  aircraft 
constrained  to  fly  at  constant  attitude,  with  particular  reference  to  the  effects  of  airsraft  speed.  Our 
basio  interest  is  in  the  changes  in  gust  sensitivity  of  aircraft  as  landing  approach  speeds  are  ruduced 
to  tho  values  typical  for  projected  3T0L  types. 

We  have  considered  two  response  parameters  to  cover  what  are  bolieved  to  bo  ths  most  relevant 
features  of  interest.  Normal,  acceleration  response  has  been  calculated  to  represent  ride  quality  -  a 
measure  of  discomfort  relevant  tc.  both  the  pilot  and  the  passengers,  but  as  a  mere  meaningful  criterion 
for  control  work  load,  fluctuations  in  airspeed  have  been  evaluated. 

A  major  assumption  which  has  to  be  made  before  any  response  method  nan  be  applied  is  the  choice  of 
aircraft  response  mode.  If  one  takes  simply  the  aircraft  transfer  function  with  controls  fixed,  tbe 
results  will  not  be  representative  of  what  actually  happens  to  a  controlled  aircraft  in  turbulence.  A 
great  deal  of  work  has  been  done  in  recent  years  on  ‘pilot  transfer  Junctions',  where  the  pilot  is 
represented  by  pn  average  linear  transfer  function,  similar  to  that  which  would  represent  a  simple 
autostabilisor,  possibly  together  with  an  additive  noise  source,  or  'remnant'.  Whilst  this  approach  haw 
led  to  useful  results  in  control  problems  where  a  tracking  task  is  clearly  defined,  its  application  to 
tha  case  of  a  pilot  controlling  an  aircraft  would  require  careful  validation  in  each  particular 
situation,  and  it  is  not  a  simple  technique  to  apply  in  practice.  A  more  satisfactory  process  for 
present  purposes  it?  to  assume  an  aircraft  mode  in  which  port  of  tho  response  in  suppressed  by  a  suitable 
piloting  constraint,  as  discussed  in  Ref.  16.  We  have  here  chosen  a  rather  radical  form  of  such 
constraint,  namely  the  assumption  that  pitch  attitude  is  held  constant.  Pitch  attitude  constraint  is 
of  course  one  basic  aim  of  longitudinal  control  and  hence  is  entirely  plausible  provided  th9  short 
period  dynamics  of  the  aircraft  are  well  enough  behaved  to  allow  this  ideal  tc  be  approached1 
Deficiencies  in  this  p-ea  would  demand  correction,  if  necessary  by  artificial  aids,' and  it  is  therefore 
not  unreasonable  to  assume  that  this  mode  presents  no  inherent  problems. 


It  can  now  be  argued  that  an  aircraft  will  be  satisfactory  if  maintenance  of  pitch  attitude  -  which 
requires  a  certain  amount  of  pilot  effort  -  results  in  a  generally  well  controlled  aircraft  response. 

On  the  other  hand  if  major  excu  .sions  still  occur,  obliging  the  pilot  to  generate  constraints  in 
audition  to  that  in  pitch,  he  will  register  this  as  on  undesirable  increase  in  workload.  The  relative 
magnitude  of  such  excursions  can  then  be  3sen  as  a  measure  of  control  difficulty  and  can  be  expected  to 
correlate  in  some  way  with  pilot  rating. 

Bather  than  employ  an  explicit  control  law,  wliioh  would  be  expressed  as  a  postulated  control  movement 
in  response  to  aircraft  motion,  we  thus  use  a  CONSTRAINT  eauatinn  describing  the  EFFECT  of  control  on  tha 
response.  Since  Heuaarkl 3  drew  attention  to  the  practical  importance  of  stability  in  flight  under 
partial  constraint,  the  idea  of  partially  constrained  flight  has  become  accepted  a3  a  meaningful  concept 
and  has  been  successfully  extended,  for  example,  in  Ref.  14.  Erreo/er,  the  same  technique  can  be  used, 
not  only  to  discuss  stability,  but  to  evaluate  aircraft  response  to  turbulence,  as  was  demonstrated  in 
Ref.  15.  * 


Close  control  of  pitch  attitude  is  perhaps  the  most  obvicus  piloting  technique  and  is  mull  achieves 
except  in  configurations  prone  to  pilot  induced  oscillations.  Pilots  know  from  experience  tnafc  by  firm 
control  of  pitch  the  longitudinal  moticn  of  che  aircraft  as  a  wnolo  is  also  well  controlled.  ihe  most 
apparent  result  will  be  the  effective  suppression  of  the  phugoid.  Ii  should  be  not.-d,  moreover,  that 
pitch  attitude  control  is  generally  used  a 1.  an  inner  loo?  in  aatolmd  systems.  We  will  use  the  aquations 
of  pitch  attitude  constraint  here  to  evaluate  effects  of  chungit g  airsraft  speed.  As  steed  is  reduced  to 
low  values  the  attitude  constrained  motion  develops  an  oscillatory  node  which,  as  has  been  pointed  out  by 
Knsker't,  could  indicate  a  significant  handling  deficiency  for  STOL  aircraft.  Whilst  the  imposition  of 
a  constraint  to  represent  pilot  action  is  clearly  an  idealisation,  and  only  represents  a  first 
approximation  to  the  correct  representation  of  the  controlled  aircraft,  it  is  particularly  useful  as  a 
technique  for  predicting  trends  in  response  associated  with  changing  aircraft  parameters,  and  it  it:  lr 
this  sense  that  it  will  be  employed  bere. 


The  equatiots  for  an  aircraft  constrained  in  pitch  by  me  .ns  of  elevator  control  have  been  given  by 
Neuaark'J.  We  have  used  these  equations  in  conjunction  with  the  discrete  gui-t  model,  section  3.3.  in  tbe 
case  of  an  aircraft  described  by  the  following  basic  parsaetors 


mass  «  47000  lb  wing  area  =  9c0  ft2 

lift  slope  =  4.7  Cjj  o  0.1+  0.05  CL2 


range  of  aircraft  reference 
"/"•d  values  of  Cj  and  Cfl. 


speeds  is  considered.  A  consequence  of  reducing  speed  is  to  increase  the 
Fbr  each  reference  speed  tho  gust  response  is  evaluated  by  means  of  small 


.  at  if  ,i  equations,  using  coefficients  appropriate  to  that  speed. 


Results  ore  illustrated  in  Figs.  13  and  14  for  flue ‘-lation.'i  in  normal  acceleration  n  due  to  both 
longitudinal  and  vertical  components  of  turbulence  and  perturbations  ua  in  airspeed  due  to  the 

longitudinal  component.  Ihe  results  illustrated  arc  only  valid  if  the  turbulence  scale  L  is  greater  then  H. 
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Aircraft  response  at  altitudes  where  L  (Pig.  9)  if-  leus  than  the  illustrated  Tallies  of  H  will  tend  to 
ooutftiu  fewer  intermittent  large  peaks,  tending  towards  Gaussisu  statistical  properties.  Because  of  the 
camparativaly  snail  values  of  the  scale  length  X  of  vortical  turbulence  (Pig.  9},  discrete  vertical 
gusts  have  ooaparatively  little  influence  on  airspeed  fluctuations  during  a  landing  approach*-  sud 
consequently  the  discrete  gust  analysis  has  been  onitted  for  this  case. 

Hie  nest  important  parameters  in  a  discrete  gust  analysis  are  (equation  (S))H,  wiiioh  through  its 
effect  on  n  largely  determines  the  rate  of  occurrence  of  response  peaka,  and  X(H),  chi  oh  may  be  teken  as 

0  \ 
a  neesure  of  *he  amplitude  of  response  peaks,  The  other  aircraft  dependent  parunotox,  A  ,  a ppeecing  in 

equation  (8}  varies  comparatively  litolo,  lying  in  the  range  0,24  z  °»°4  fw  all  cases  evaluated. 

Considering  first  the  case  of  normal  acceleration  response  n,  it  can  be  seen  (Hg.  13)  that  at 
conventional  approach  speeds  H  is  approximately  a  peed  independent  and  takes  roughly  tae  same  value  for  the 
Ifngitudinal  u  end  vertical  v  components  of  turbulence.  At  very  lew  spends  V  however.  below  ytoi/sec,  3 

6  (f- 

rapidly  Jecreaues  implying,  equation  (8),  that  the  rate  of  occurrence  of  response  peaks,  as  measured  by  n&. 
becomes  large.  At  high  speeds  tne  aaplitudes  (  IS  (5),  fig,  14)  of  the  peaks  in  response  to  vertical 
turbulence  ore  significantly  larger  than  m  response  to  longitudinal  turbulence,  but  at  low  speeds  of 
orevr  3kn/seo  the  effects  of  vertical  and  longitudinal  turbulence  become  of  equal  importance. 

In  the  case  of  airspeed  perturbations  uf,  tre  have  only  considered  the  effects  of  longitudinal  turbulence, 
as  explained  earlier.  At  conventional  approach  speeds  the  correaponding  H  is  much  larger  (no  much  smaller) 

than  that  for  normal  acceleration  response,  but  at  approximately  30o/o&o  theee  H  values  beccne  of  equal 
order.  As  speed  V  decreases,  the  amplitude  of  airspeed  response  peaks,  <fS  measured  by  )f(§)  also  rapidly' 
decreases. 

'.Ye  have  described  here  only  a  few  results  from  a  general  study  that  is  being  made  of  the  effects  of 
gusts  on  aircraft  flying  at  STOL  spends.  It  is  hoped,  however,  that  we  haw-  shown  enough  to  illustrate 
the  mannor  In  which  the  discrete  gust  method  may  be  applied  in  practice. 

5.  CONCLUDING  R34ARKL 

ffe  conclude  by  mentioning  seme  areas  of  current  work  and  problems  for  the  future,  related  particularly 
to  the  discrete  gust  model  we  have  described. 

(a)  Typical  values  of  and  k,,  describing  the  discrete  gust  content  of  turbulence  samples  through 

equation  (6),  are  being  measured  for  both,  horizontal  and  vertical  components  of  turbulence  under 
a  wide  range  of  conditions, 

(b)  The  discrete  gust  method  is  being  applied  to  assess  turbulence  character:  <! -cs  of  various  types 
of  STOL  aircraft.  The  application  to  low  wing  loading  aircraft  with  gust  -deviation  (ride 
quality  active  control)  is  of  particular  interest. 

(c)  Related  work  using  the  discrete  gust  model  is  in  progress  on  turbulence  design  loads,  extending 
the  design  envelope  and  mission  analysis  criteria. 

.finally  we  return  to  the  ba3ic  formulation  of  the  gust  response  problem.  Fig.  1,  The  results  of 
Hga.  13  and  14  indicate  that  for  STOL  aircraft  the  magnitudes  of  normal  acceleration  response  to 
longitudinal  and  vertical  turbulence  are  of  about  the  same  order,  and  the  relevant  gust  lengths  tend  to  be 
quice  short.  Thus  the  correlation  between  longitudinal  and  vertical  gusts  will  influence  the  overall 
result  and  the  effects  of  variation  of  gust  intensity  across  the  span  of  the  wing  may  not  be  negligible. 

These  are  therefore  important  areas  for  future  work.  As  the  relevant  experimental  results  are  not  as  yet 
available,  we  have  not  so  far  attempted  to  take  account  of  these  effects  in  the  discrete  gust  model. 
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If  I  have  understood  correctly  the  philosophy  of  your  paper,  you  have  built  a  cathaaatical  model  of  a 
single  gust  with  three  assumptions: 

1.  The  turbulence  can  be  reduced  to  the  addition  of  discrete  ramp  gusts. 

2.  The  resultant  power  spectrum  is  consistent  with  the  Von  Kansan  spectrum  model  with 
only  some  modifications  for  the  low  frequencies. 

).  The  level  crossing  law  is  nearer  the  experimental  results  than  the  Gaussian  models 
generally  used. 

On  the  last  point  I  would  like  to  bring  you  new  information.  Mr.  Coupry,  whom  1  am  replacing  for  thie 
diecusalon  today  and  who  la  the  Chairman  of  the  Working  Group  on  Environmental  Statistical  Data  of  the 
AGARD  Structures  and  Materials  Panel,  has  analysed  the  results  of  the  tests  undertaken  in  various 
countries ,  and  mainly  in  the  United  States ,  on  the  level  crossing  distributions.  Mr.  Coupry  will  give 
the  details  of  his  work  next  week  in  Bruxelles,  but  1  can  give  you  a  partial  result:  ths  number  of  miles 
of  crossings  of  a  given  l'.vel  W  is  an  exponential  function  of  W.  This  result  seams  to  be  consistent  with 
your  last  assumption.  I  have  said  "seems "  only  because  I  would  like  to  check  if  I  am  right  when  I  assume 
that  your  chosen  law  is  actually  an  exponential  one.  It  is  certainly  right  for  tha  level  crossing  law 
of  the  responee  of  the  aircraft  -  you  have  said  this.  But  is  it  also  right  for  the  gust  itself?  This 
is  ay  first  Question. 

On  another  point,  I  would  like  to  know  the  experimental  as  is  for  your  first  assumption  reducing  the 
turbulence  to  the  addition  of  diasrate  ramp  guata.  Have  you  made  some  experiments  showing  the  compli¬ 
ance  of  your  model  with  the  true  turbulence? 

And  last ,  a  question  on  the  way  of  using  yo*n  turbulence  model.  1  am  afraid  thsre  is  some  confusion  in 
the  way  the  turbulence  sets  on  the  aircraft.  We  have  to  distinguish  three  ways  of  action: 

1.  A  high  intensity  gust  appearing  among  a  mean  level  of  turbulence  (this  is  a  remote 
but  probable  case)  can  force  a  parameter  to  trespass  a  limit,  for  instance  the  angle 
of  attack  crosses  the  maximum  authorised  value,  producing  then  a  stall  and  probably 
an  accident,  especially  if  in  the  approach  flight  phase. 

2.  A  high  level  or  turbulence,  without  special  gusts  producing  risks  of  trespassing  limits, 
can  push  the  flight  parameters  near  their  limits,  thus  reducing  the  ability  to 
manoeuver  the  aircraft.  This  is  the  effect  of  the  state  of  the  atmosphere  on  the 
manoeuverability  of  the  aircraft. 

J.  The  same  level  of  turbulence  as  in  case  2  can  increase  the  pilot’s  workload  and  lead 
him  to  make  mistakes,  for  instance  to  make  an  error  in  heading  or  to  select  the 
wrong  channel  for  the  115.  This  is  the  effect  of  the  state  of  the  atmosphere  on 
the  pilotability  of  the  aircraft. 

In  my  mind,  the  action  of  the  pilot  is  negligible  in  the  first  case  -  suddenly  there  is  a  high  level  gust 
and  the  pilot  cannot  do  anything  (maybe  this  is  not  true  for  the  Jumbo  jet  aircraft  for  which  the 
respxmse  is  much  slower  than  for  most  aircraft). 

1  think,  conseouently ,  that  your  model  can  be  very  useful  to  determine  what  I  call  the  sensitivity  to 
external  perturbations.  As  a  matter  of  fact,  your  model  can  give  easily  the  probebility  of  trespassing 
a  limit  as  a  result  of  the  effect  of  a  gust,  assuming  that  the  pilot  does  not  do  anything  (fixed  controls 
or  autopilot  on).  In  addition,  your  model  can  alao  be  useful  to  determine: 

1.  The  probability  for  a  critical  parameter  to  be  at  a  mean  value  naarar  the  limit  and 
consequently  the  probability  of  a  reduction  in  the  level  of  manoeuverability. 

2.  The  probability  of  occurrence  of  an  accident  due  to  an  increasing  pilot  workload, 
the  typ»  of  accident  1  call  pilotability  accident. 

For  thia  double  purpose  it  would  be  necessary  to  introduce  in  a  simulator  a  synthetic  turbulence  based  on 
your  model;  this  turbulence  should  be  perhaps  mors  realistic  thsn  some  samples  measured  randomly  in  real 
flight. 
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D. G.  Gould,  NRC,  NAE ,  Canada 

It  is  possible,  by  changing  the  intensity  of  a  random  signal  of  Gaussian  distribution  according 
to  some  probability  of  occurrence,  to  produce  a  distribution  of  levels  of  the  exponential  form  rather 
than  of  Gaussian  form.  In  practice  this  can  be  accomplished  closely  by  using  onlv  two  different  levels 
of  intensity,  one  a  few  times  larger  than  the  other,  with  the  higher  level  occurring  a  small  portion  of 
the  time  (or  distance)  and  the  lower  level  occurring  during  the  majority  of  the  time.  I  think  this  pro¬ 
cedure  may  have  advantages  over  the  discrete  gust  approach  you  have  described  in  that  it  can  more 
readily  be  implemented  in  both  analysis  and  Diloted  simulation  experiments. 

I  would  also  like  to  hear  your  opinion  on  a  second  point.  During  the  last  two  days  there  has 

been  some  discussion  on  the  deterioration  of  handling  qualities  that  may  result  from  combining  a  number 

of  minimum  control  and  stability  requirements.  I  believe  that  similar  inadequate  handling  qualities 
may  be  found  when  two  or  more  adverse  environmental  effects  occur  simultaneously.  I  am  thinking  in 
particular  of  the  possible  cumulative  adverse  effects  of  vertical  wind  shear  and  turbulence  which  may 
occur  together  naturally.  Shouldn't  such  effects  '•  introduced  into  our  flying  qualities  simulation 
experiments? 

J.G.  Jones,  RAH,  UK 

I  agree  that  vou  can  generate  non-Gaussian  noise  using  Gaussian  processes.  But,  I  think  it  would 
be  interesting  to  investigate  the  process  that  results  and  evaluate  its  properties  as  I  have  mentioned. 

I  don't  think  there  is  any  incompatibility. 

In  really  intense  turbulence  cases,  the  gust  will  swamp  the  wind  shear.  This  does  not  say  that  at 

the  lower  levels  of  intensity  that  wind  shear  is  not  a  problem,  indeed  it  may  be. 

F.  O'Hara,  M.O.D.  (PE),  UK 

Would  it  be  possible  to  get  better  representation  by  combining  the  discrete  approach  with  the 
spectral  one? 

J.G.  Jones,  RAH,  UK 

Yes,  you  may  well  be  able  to  come  up  with  a  realistic  turbulence  representation. 

R.O.  Anderson,  AFFDL,  USA 

We  have  looked  at  a  non-Gaussian  turbulence  model  which  was  made  by  combining  two  Gaussian  sources 
into  the  non-Gaussian.  It  has  some  of  the  properties  discussed  here.  We  tried  this  on  a  limited  motion 
base  simulation,  and  the  pilot  said  that  it's  more  like  the  thing  vou  really  encounter;  that  is  smooth 
air,  then  bang-bang-bang.  However,  it  did  not  have  much  of  an  effect  on  their  opinion,  one  way  or  the 
other.  It  was  more  realistic,  but  as  long  as  the  rms  intensities  were  about  the  same,  their  opinions 
didn't  change. 

A.D.  Wood,  NRC/NAE,  Canada 

It  is  generally  agreed  that  (in  using  simulators  for  handling  qualities  studies)  turbulence  models 
ought  to  reproduce  the  sporadic  peak  responses  which  are  not  sufficiently  prominent  when  a  simple 
Gaussian  disturbance  distribution  is  used. 

New  modelling  approaches,  such  as  r  .  lescribed  by  Mr.  Jones,  suggest  ways  of  introducing  more 
representative  peaks. 

In  his  closing  remarks,  Mr.  Jones  touched  upon  the  influence  of  combined  vertical  and  longitudinal 
gust  components  for  STOL  aircraft.  For  V/STOI.  simulation  at  least,  perhaps  the  real  test  is  yet  to  come. 
The  most  valuable  modelling  approach  is  likelv  to  be  the  one  which  lends  itself  to  the  treatment  of  more 
than  one  axis  with  intermittent  large  disturbances,  even  at  the  expense  of  some  approximation  in  single¬ 
axis  representation. 

J.G.  Jones,  RAE,  UK 

I  think  that  it  would  be  quite  difficult  to  trv  to  reproduce  the  correct  non-Gaussian  properties, 
with  correct  correlations  in  three  axes.  So  I  think  the  engineering  answer  is  to  sav  we  got  a  good 
representation  of  one  axis  and  in  cases  where  one  axis  is  sufficient  we  should  use  it. 


M.D.  White,  NASA  Ames,  USA 
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SUMMARY 

The  trends  in  modem  aircraft  structural  design  and  aerodynamics  are  such  that  vehicle 
flexibility  increasingly  inpacts  on  vehicle  flying  (handling)  qualities  and  the  design  processes  necessary 
to  provide  satisfactory  vehicles.  In  recent  years,  the  flexibility  effects  on  ride  quality  have  impacted 
on  handling  qualities  and,  perhaps,  should  be  added  to  handling  qualities  requirements  or  criteria.  A 
presentation  is  given  of  some  of  ie  approaches  currently  being  considered  to  reduce  this  interaction; 
these  include  such  techniques  as  active  seat  isolation  and  active  structural  mode  control.  It  is  concluded 
that  any  ride  quality  solution  method  that  includes  inducing  motion  between  the  pilot  and  his  controls  and 
displays  should  be  excluded  by  handling  qualities  criteria.  The  structural  flexibility  and  flight  controls 
interface  is  briefly  examined,  and  a  typical  pilot-induced  structural  excitation  is  discussed.  It  is  sug¬ 
gested  that  a  pilot  prefilter,  a  modem  stability  augmentr*ion  system,  and  a  structural  mode  control  sys¬ 
tem  designed  to  meet  ride  quality  criteria  can  solve  the  '.\>b‘"'m  without  additional  criteria.  This  paper 
also  discusses  the  handling  qualities  flexibility  interaction  ..id  the  vehicle  design  cycle.  A  problem  is 
identified  as  developing  between  the  requirements  for  large  amounts  of  flexible  vehicle  analyses  data  and 
the  shortening  of  vehicle  development  cycles.  Despite  some  possible  relief  due  to  designer  ingenuity, 
satisfactory  handling  qualities  on  future  flexible  aircraft  may  possibly  be  jeopardized  by  lack  of  design 
analysis  time. 

SYMBOLS 

bwt 

- sfr  Regier  parameter  evaluated  at  maximum  dynamic  pressure  in  vicinity  of  M  =  1.0 

3 

b  1/2-Root  chord  of  wing 

cJt  First  wing  torsion  mode  frequency  determined  from  stiffness  provided  by  strength  design  load 

uniformly  distributed  on  wing 
a  Speed  of  sound 

(a  Mass  ratio;  weight  of  volume  of  air  at  design  condition  included  in  a  trapezoid  of  revolution 

formed  by  wing  planfom  divided  by  weight  of  wing 
K  Arbitrary  scaling  parameter  to  put  numbers  in  range  of  1  to  10 

a  Angle  of  attack 

Y  Structural  bending  slope  angle  at  horizontal  tail 

VQ  Velocity 

Qn  a  Pitching  moment  slope  against  a,  dC^/da 

Zp  Displacement  of  pilot 

Za  Displacement  of  cockpit  floor 

f  Frequency,  Hz 

w  Frequency,  rad/sec 

$nz  Normal  load  factor  power  spectral  density  due  to  vertical  gust 

trw  Vertical  gust  intensity  (root  mean  square  velocity) 

q  Pitch  rate 

nz  Normal  load  factor 

6e  Eleven  deflection 


INTRODUCTION 

The  trends  in  modem  aircraft  structural  design  and  aerodynamics  are  such  that  vehicle  flexi¬ 
bility  increasingly  impacts  on  .ehicle  flying  (handling)  qualities  and  the  design  processes  necessary  to 
provide  satisfactory  vehicles.  These  flexibility  effects  are  found  in  both  high-design-load- factor  and 
low-design-load-factor  aircraft;  more  so  in  the  latter  than  the  former,  of  course.  Figure  1  displays  an 
assessment  of  this  trend,  using  a  flexibility  parameter  developed  at  North  American  Rockwell  for  this 
purpose.  The  parameter  is  proportional  to  the  inverse  of  the  Regier  parameter  used  in  flutter  work  which 
is  evaluated  for  wings  defined  by  strength  criteria  only  and  an  assumed  uniform  load  distribution. 
Increasing  magnitude  of  the  parameter  indicates  increasing  flexibility.  The  figure  shews  trends  of  this 
parameter  for  both  high-load-factor  designs  and  low-load- factor  designs  developed  from  the  identified  air¬ 
craft.  Cn  the  right  are  comments  which  assess  the  primary  structural  design  requirements  set  by  the  vehi¬ 
cle  flexibility  as  reflected  by  North  American  Rockwell's  experience. 

Aircraft  like  the  subsonic  F-86  had  structural  design  requirements  which  were  set  by  strength 
and  flutter,  with  little  or  no  inpact  by  stability  and  control.  Fighter  aircraft  like  the  F-100  and  F-107, 
together  with  subsonic  transport- type  aircraft  like  the  DC-8  and  C-5,  had  structural  requirements  set  by 
strength,  flutter,  and  stability  and  control  (handling  qualities).  Aircraft  with  sustained  supersonic 


flight  capability  like  the  XB-70  and  SST  had  these  same  requirements,  but  with  increased  emphasis  on  the 
flutter  and  stability  and  control  requirements  for  stiffness. 

This  paper  discusses  some  aspects  of  two  broad  categories  of  elastic  airplane-handling  quali¬ 
ties  problems:  (1)  the  flexible  airplane  in  turbulence  and  (2)  the  aeroelastic  ispact  on  stability  and 
control  parameters.  The  first  category,  in  recent  years,  has  attracted  increased  attention;  the  second 
category  has  been  the  area  of  more  traditional  continuous  concern.  It  is  the  intent  of  this  paper  to  dis¬ 
cuss  these  problems  in  light  of  the  need  for  criteria,  and  the  methods  available  for  achieving  compliance. 
The  requirement  for  brevity  of  this  paper  precludes  examination  of  the  problems  and  proposed  solutions  in 
great  detail,  but  it  is  hoped  that  the  sufficient  development  of  the  principal  factors  will  encourage 
discussion. 

HANDLING  QUALITIES-RJDE  QUALITY  INTERACTION  WITH  FLEXIBILITY 

The  manner  in  which  a  pilot  is  able  to  handle  an  aircraft  in  turbulence  is  greatly  affected  by 
the  ride  quality  characteristics  of  the  vehicle.  Ride  quality,  in  turn,  is  affected  by  the  vehicle's  flex¬ 
ible  dynamics.  The  B-l  is  one  of  the  first  aircraft  designed  to  formally  recognize  the  interrelation  of 
handling  qualities  and  ride  quality  with  a  specific  requirement.  The  backgrotsnd  of  the  criteria  established 
is  described  in  reference  1.  Included  in  the  criteria  is  consideration  of  the  pilot's  tracking  task,  pilot 
fatigue  with  time,  and  dynamics  of  the  hunan  body.  There  are  presently  under  development  two  approaches  to 
inproving  ride  quality  of  flexible  aircraft  and,  thus  indirectly,  handling  qualities,  fhe  approach  is  the 
active  control  of  structural  modes,  and  the  second  is  active  seat  isolation.  It  appears  desirable  in  this 
discussion  of  handling  qualities  criteria  to  evaluate  the  appropriateness  of  each  approach. 

Figure  2  shows  a  sketch  comparing  the  main  features  representative  of  each  type  of  system. 
Typical  of  the  structural  mode  control  system  is  the  external  aerodynamic  force  generator  activated  by 
onboard  sensors.  When  an  input  excites  the  structure,  the  motion  is  sensed  and  passed  through  electronic 
shaping  networks  which  cause  the  aerodynamic  surfaces  to  deflect  and  produce  a  motion  controlling  airload. 
The  whole  vehicle  structural  motion  is  danped  by  this  method.  In  contrast,  the  active  seat  isolation 
schema  enploys  a  seat  separated  from  the  vehicle  structure  by  a  hydraulic  actuator.  The  hydraulic  actu¬ 
ator  is  activated  by  a  processed  signal  from  motion  sensors  located  on  the  seat  and  airframe. 

For  more  detailed  explanations  of  how  these  systems  work,  the  reader  is  referred  to  refer¬ 
ence  2,  which  discusses  a  typical  structural  mode  control  system,  and  to  reference  3  for  similar  informa¬ 
tion  on  a  typical  seat  isolation  system. 

It  is  revealing  to  look  at  the  pilot  normal  load  factor  response  due  to  turbulence  in  power 
spectral  density  form,  with  and  without  the  typical  structural  mode  control  system  operating  in  conjunction 
with  a  conventional  stability  augmentation  system.  As  shown  in  figure  3,  the  stability  augmentation  system 
works  well  in  reducing  the  short-period  response,  and  the  structural  mode  control  system  does  well  in 
reducing  structural  motion  across  a  broadband  of  frequencies. 

Before  looking  at  what  a  seat  isolation  system  would  do  in  similar  circumstances,  consider  the 
displacement  transmissibility  curve  of  a  typical  seat  isolation  system  as  displayed  in  figure  4.  A  key- 
feature  of  the  system  is  the  notch  (in  the  compensation)  shown  at  about  4.5  Hz;  this  is  a  typical  feature 
which  can  be  tuned  to  any  other  frequency'  to  eliminate  the  effect  of  a  dominant  mode.  If,  however,  the 
notch  is  moved  to  a  lower  frequency,  as  required  by  the  case  of  figure  3,  then  the  motions  at  frequencies 
below  the  notch  are  amplified  as  indicated  by  figure  4.  In  figure  5,  typical  performance  of  a  seat  isola¬ 
tion  system  is  displayed.  The  notch  of  the  system  is  located  to  eliminate  the  effect  of  the  large  struc¬ 
tural  mode  peak  at  18  rad/scc  (=3  Hz).  As  expected,  the  formerly  low  peak  at  approximately  12  rad/sec  is 
anplified  greatly. 

If  the  notch  were  to  be  moved  low' r  to  accommodate  the  12  rad/sec  m  ■-  •«  double  amplitude 

throw  required  by  the  system  would  begin  to  increase  rapidly.  This,  then,  leac  .  :cy  objection  to  the 
seat  isolation  system,  and  is  particularly  pertinent  to  handling  qualities  require: 

The  seat  isolation  system  causes  the  pilot  to  oscillate  in  relation  to  his  instrument  panel 
and  his  controls.  If  conventional  wheel  or  stick  and  rudder  pedal  controls  are  used,  the  pilot's  arms  and 
legs  move  in  a  potentially  adverse  manner,  causing  deterioration  of  handling  qualities.  Let  us  suppose, 
though,  that  the  pilot  really  does  not  need  to  use  the  rudder  pedals  and  can  place  his  feet  on  a  support 
on  the  moving  seat,  and  further,  that  he  can  use  a  side  arm  controller.  A  serious  problem  still  remains 
which  affects  the  pilot’s  ability  to  handle  his  aircraft.  The  problem  is  in  reading  his  instruments  and 
operating  switches,  as  figure  6  demonstrates. 

The  data  shown  are  for  the  subject  moving  while  the  visual  material  remains  stationary,  which 
is  the  relative  situation  with  the  pilot  in  an  isolated  scat  in  a  moving  cockpit.  The  data  indicate  that, 
for  a  Cfistant  sinusoidal  peak  amplitude  load  factor  of  0.25  g,  there  is  a  general  degradation  in  ability 
to  scan  (read  instruments)  and  to  place  (operate  switches)  as  the  frequency  is  reduced  from  9.5  to  2.4  Hz, 
with  a  peaking  of  degradation  at  3.4  Hz.  The  experiraentor  attributed  this  loss  in  performance  to  the 
relative  motion  between  the  subject  and  the  near  reading  distance  of  the  tasks. 

The  seat  described  in  reference  3  had  a  linear  capability  of  a  range  of  *1  inch  and  a  maximum 
deflection  of  t2  inches.  The  system  was  highly  nonlinear  over  the  range  from  I  to  2  inches  because  of  the 
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necessity  to  provide  increasing  stiffness  to  prevent  hard  bottoming  of  the  system.  At  a  forcing  frequency 
of  3.4  Hz,  then,  this  system  would  definitely  have  the  problem  demonstrated  of  scanning  and  placing,  since 
the  system  would  nave  a  displacement  of  +0.2  inch,  well  within  the  capability  of  the  system. 

Among  other  objections  to  the  seat  isolation  scheme  is  a  requirement  to  wash  out  inputs  from 
constant  maneuvering  load  factors.  Also,  the  system  is  currently  suited  only  to  one-axis  operation  with 
the  possibility  of  great  mechanical  complexity  if  extended  to  two-axis  capability.  (Future  large  low- load- 
factor  aircraft  may  require  this  capability.)  Each  individual  seat  in  the  cockpit  would  require  separate 
systems.  Chly  limited  simulator  experience  and  no  flight  test  to  date  exist  for  isolated  seat  systems. 

While  structural  mode  control  systems  have  their  own  unique  design  problems,  these  do  not 
inpact  as  unfavorably  on  the  handling-qualities  aspects  as  the  sea+  isolation  system.  The  reader  is 
referred  to  reference  2  for  an  overview  of  structural  mode  control  system  analytical  and  flight  test  expe¬ 
rience.  This  experience  shews  that  structural  mode  control  systems  can  be  made  to  operate  without  inter¬ 
fering  with  the  basic  stability  augmentation  system  and,  thus,  a  vehicle's  handling  qualities. 

The  U.S.  Air  Force  handling  qualities  specifications  do  not  presently  include  a  quantitative 
ride  quality  requirement,  but  perhaps  should.  The  authoi  suggests  that  such  a  requirement  should  limit 
design  solutions  to  those  that  do  not  induce  objectionable  relative  motion  between  the  pilot  and  his  con¬ 
trols  and  displays. 

STRUCTURAL  FLEXIBILITY  AND  FLIGHT  CONTROLS 

The  interactions  between  structural  flexibility  and  flight  control  systems  have  grown  in  pro¬ 
portion  to  the  trend  of  flexibility  effects  on  stability  and  control  indicated  in  figure  1.  In  addition, 
the  demands  on  the  control  system  performance  have  grown  proportionately.  A  simplified  way  of  viewing 
some  of  the  flexibility  interactions  as  they  affect  vehicle  undamped  natural  frequencies  and  damping 
ratios  is  given  in  figure  7.  The  shaded  area  indicates  where  the  parameters  should  be  for  generally 
favorable  handling  qualities. 

Taking  first  the  ride  quality  aspect,  it  is  seen  that  increased  structural  danpir.g  is  desir¬ 
able.  While  it  is  indeed  desirable  to  increase  the  structural  frequencies  to  reduce  the  susceptibility  to 
gust  excitation,  there  is  need  to  consider  the  fact  that,  in  the  4  to  8  Hz  range,  the  pilot  will  be  more 
markedly  affected  by  a  given  level  of  acceleration  (reference  1) . 

If  the  short -period  frequency  and  the  first  mode  structural  frequency  are  too  close,  it  is 
possible  to  develop  a  structural  made  instability  (reference  5).  In  addition,  if  these  two  modes  are 
close,  it  often  conplicates  the  stability  augmentation  system  design.  With  increased  control  system  com¬ 
ponent  capability,  however,  some  designers  are  attempting  to  have  the  control  system  do  two  jobs  -  the 
basic  stability  augnentation  task  plus  control  of  several  of  the  lower  structural  modes  (reference  6). 

As  the  figure  shows,  the  undamped  natural  frequency  and  the  damping  ratio  must  be  located 
within  the  ranges  indicated  to  provide  satisfactory  handling  qualities  for  general  flight  and  terrain¬ 
following  capability.  It  is  of  interest  to  note  that  improved  ride  quality  due  to  large  aircraft  short- 
period  characteristics  represented  by  the  lever  right-hand  comer  of  the  plot  require  increased  frequency 
and  decreased  damping  (reference  7). 

One  of  the  significant  aspects  to  be  enphasized  with  this  plot  is  that  the  control  system 
designer  must  know  where  he  is  on  this  plot  for  the  basic  flexible  vehicle  before  he  can  set  the  require¬ 
ments  for  his  system  to  solve  these  many  conflicting  requirements  to  provide  satisfactory  handling  qual¬ 
ities  and  ride  quality.  To  acquire  and  analyze  the  basic  vehicle  flexible  structural  and  aerodynamic  data 
in  a  timely  fashion  is  probably  one  of  the  most  difficult  tasks  the  designer  faces.  Additional  discussion 
of  this  problem  is  presented  in  the  main  section  following  this. 

In  figure  8,  a  specific  flexible  vehicle  handling- ride  quality  interaction  with  flight  controls 
is  illustrated.  It  is  to  be  enphasized  that  the  interaction  shown  is  not  tmique  to  the  particular  vehicle 
analyzed.  Shown  is  the  analytical  time  history  of  the  response  of  the  flexible  XB-70  to  a  relatively  sharp 
elevon  pitch  control  pulse.  The  flight  condition  is  M  =  C.9S  at  25,000  feet  without  stability  and  control 
augmentation.  This  calculation  is  more  than  9  years  old  and  reflects  a  much  more  flexible  XB-70  than 
actually  flew.  At  the  time  the  calculation  was  made,  the  input  was  judged  to  be  somewhat  severe.  In  light 
of  the  research  nature  of  the  XB-70,  though,  it  was  felt  that  the  pilot  could  maneuver  the  vehicle  without 
using  such  sharp  inputs,  and  thus  a  pilot  prefilter  was  not  warranted.  Inclusion  of  such  a  system  later 
was  not  precluded.  Subsequent  flight  test  data,  however,  showed  that  on  many  occasions  the  pilot  did  excite 
die  structure  with  elevon  maneuver  inputs  sirdlar  to  those  described  here  and  then  reported  ruibulence. 

The  pilot  of  the  acconpanying  B-58  would  report  no  turbulence  effects  on  his  aircraft. 

For  aircraft  with  present  levels  of  flexibility  (figure  1) ,  this  type  of  problem  can  be  solved 
through  a  balanced  combination  of  the  application  of  (1)  a  pilot  prefilter,  (2)  a  regular  stability  aug¬ 
mentation  system  with  sensors  placed  and  compensation  designed  to  assist  in  structural  mode  control,  and 
(5)  a  separate  structural  made  control  as  on  the  B-l.  It  appears  that  this  design  approach,  together  with 
a  ride  quality  criteria  requirement,  could  eliminate  the  objectional  structural  motion  aspects  of  cockpit 
motion  cf  the  type  illustrated  in  figure  S  without  the  need  for  more  specific  criteria  than  now  exists. 
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HANDLING  QUALITIES,  FLEXIBILITY,  AND  THE  DESIGN  CYCLE  j 

The  fact  that  the  U.S.  Air  Force  specification  on  flying  qualities  of  piloted  airplanes  gives  j 

such  brief  specific  guidance  on  aeroelasticity  and  structural  dynamic  effects  is,  perhaps ,  an  indication  j 

of  the  difficulty  in  determining  how  to  successfully  include  such  iinportant  effects  in  criteria  form  with-  j 

out  unduly  constraining  the  designer.  The  designer  is  increasingly  challenged  by  the  feet  that  these  j 

factors  inpact  more  and  more  on  his  preliminary  design  considerations,  as  has  been  illustrated  by  figure  1. 

Furthermore,  the  time  that  is  allotted  to  adequate  analyses  of  these  important  technical  areas  seems  S 

increasingly  shortened  by  the  pressure  to  get  the  hardware  designed  and  flight  tested.  j 

This  challenge  has  not  gone  conpletely  unrecognized.  The  U.S.  Government  and  industry  have  j 

asseibled  conplex  structural  and  aerodynamic  digital  analysis  programs  (NASA's  NASTRAN  and  North  American 
Rockwell's  ASKA  are  typical)  to  attempt  to  cope  with  the  problem.  The  detail  of  data  required  is  enormous,  • 

but  rightly  so,  in  order  to  produce  meaningful  answers.  The  design  process  is  still  iterative  as  illus-  j 

trated  in  figure  S.  The  cycle  illustrated  can  typically  take  6  months  or  more.  Recycling  can  add  many 
additional  months  before  satisfactory  flexible  vehicle  characteristics  are  insured.  The  author  believes 
that  the  increasing  inpact  of  flexibility  on  handling  qualities,  the  increased  scope  of  criteria  to  be  met 
(illustrated  by  the  U.S.  Air  Force  handling  qualities  requirements),  together  with  the  increased  effort 
and  time  required  to  obtain  adequate  data  to  demonstrate  handling  qualities  requirements  (illustrated  in 
figure  9),  has  not  been  properly  recognized  in  the  development  cycle  scheduling  of  many  modem  aircraft. 

In  order  to  obtain  some  relief  from  this  problem,  the  engineer  can,  and  has,  exercised  some 
ingenuity.  As  an  exanple  of  this,  at  the  North  American  Rockwell  Los  Angeles  Division,  the  loads  engineers 
liave  developed  a  design  criteria  which  involves  the  basic  static  longitudinal  stability  of  the  flexible 
vehicle.  The  present  handling  qualities  criteria  inpact  through  specifying  a  minimun  short-period  fre¬ 
quency  which  can  be  interpreted  as  a  static  stability  level  or  pitching  moment  variation  with  angle  of 
attack  (Qna).  Given  this  vehicle  level  of  static  stability,  the  loads  engineer  establishes  what  he  thinks 
is  reasonable  to  allow  as  a  flexible-to-rigid  ratio  for  the  aft  fuselage-horizontal  tail  combination  for 
the  critical  design  case.  It  is  assumed  that  he  has  already  analyzed  the  flexible  horizontal  tail  fixed 
at  the  root;  thus  he  knows  its  flexible  loading  characteristics  and  sizes  the  tail  accordingly. 

With  these  items  known,  he  then  assures  the  fuselage  cantilevered  at  the  center  of  gravity  as 
s'  an  in  f j  gure  10  and  loaded  with  the  flexible  loading  he  knows  will  produce  his  required  static  stability. 

The  slope  at  the  horizontal  tail  root  is  given  to  the  structural  analysis  group  as  a  requirement.  The 
structure  is  sized  and  iterated  within  this  group  and  the  weights  group  until  the  desired  slope  is 
obtained.  A  key  point  here  is  that  the  structure  is  sized  with  a  correct  coordinated  flexible  loading. 

The  loads  group,  however,  does  not  have  to  get  involved  in  the  iterative  cycle,  thereby  saving  valuable 
time. 


It  is  obvious  that  this  type  of  design  criteria  has  no  place  in  the  handling  qualities  specifi¬ 
cation  because  it  is  not  general  enough  in  scope  and  is  configuration-sensitive.  More  than  that,  similar 
criteria  might  arbitrarily  restrict  the  designer's  solution  choices.  Much  imaginative  work  of  this  nature 
remains  to  be  acconplished  before  the  main  problem  discussed  here  can  be  solved. 

CCNCLUDINC  REMARKS 

The  author  wishes  to  enphasize  several  important  points  in  concluding  this  paper. 

Ride  quality  is  a  legitimate  aspect  of  handling  qualities ,  and  general  criteria  should  be 
included  under,  or  in  conjunction  with,  existing  handling  qualities  criteria.  Hie  ride  quality  criteria 
in  current  use  appear  adequate,  except  that  solutions  to  meeting  the  criteria  should  exclude  those  that 
permit  excessive  motion  between  the  pilot  and  his  instruments  and  controls. 

The  time  trends  of  flexibility  inpact  on  aircraft  design  show  greater  and  greater  effects  on 
stability  and  control  (and  thus  handling  qualities) .  Yet  development  cycles  are  being  squeezed.  It  is 
possible  that  future  vehicles  will  have  increasing  difficulty  in  demonstrating  satisfactory  compliance 
with  handling  qualities  criteria  during  flight  test  unless  increased  attention  and  time  are  permitted  to 
be  given  to  flexibility  effects  analyses  during  preliminary  and  early  development  phases. 

REFERENCES 

1.  Rustenberg,  John  W. ,  Development  of  Ride  Quality  Analysis  Methods  and  Criteria  for  Low  Altitude  High 
Speed  Aircraft,  AIAA  Paper  No.  70-883,  July  3970. 

2.  Wykes,  John  H.,  Structural  Dynamic  Stability  Augmentation  and  Gust  Alleviation  of  Flexible  Aircraft, 
AIAA  Paper  No.  68-1057,  October  1968. 

3.  Schubert,  Dale  W. ,  Pepi,  Jerome  S. ,  and  Ftoman,  Frank  E. ,  Investigation  of  the  Vibration  Isolation  of 
Comae rcial  Jet  Transport  Pilots  During  Tutbulent  Air  Penetration,  NASA  CR-1560,  July  1970. 


4. 


Grether,  Walter  F.,  "Vibration  and  Human  Performance,"  Hunan  Factors,  Vol  13,  No.  3,  June  1971. 


3^5 53STOW 


k. 


DURING  u I  BRAT  I OP 


SCANNING  MEANS  QF 

-— O  PLACING  fmm 


0.25  r,  amplitude 


mean  TIME 
TAKEN.  SECONDS 


DURING  VIBRATION 


NOTE:  DATA  TAKEN  FROM 
REFERENCE  5 


8  10 


f  -  FREQUENCY  (H?) 

Figure  6.  Effect  of  Relative  Movement  Between  Pilot  and  Control  -  Instruments 


)  IMPROVE  RIDE  QUALITY 

05tb 


structural  modes 


MINIMIZE 

FLEXIBLE 

COUPLING 


SHORT  PERIOD 


IMPROVE 
hand: INC 
QUALITIES 


UN DAMPED 
NATURAL 
FREQUENCY 


Til 


0  ^ 


'MPROVE 

RESPONSE 

TIME 

CONSTANTS 


l-J  v'  IMPROVE 

IMPROVE  RIDE 

HANOI  INC  QUA!.  IT  I  Ei  QU'UT*  - 

AIIO  TERRAIII  fCUOJUIO  DARCE  AIRCRAFT 


Figure  7.  Structural  Flexibility  ard  Flight  Control  Considerations 


PHOT  STATION 


DEG/SEC 


I  7  3  A 

TIME  (SEE) 


6p  5 


"  -  o  '5.  AIT  .  jp.oco  TT.  UV.IfEKTED 


Figure  I  pi  .il  \bmpt  Pilot  Input  .-mi  l.cnritudinal  Rcsr.  nsc.  XJl-70.  Caic.ilated  Pat  a 


CONFIGURATION 

OEFINED 


WEIGHT 

DISTRIBUTION 

AHD 

STIFFNESS 

DEFINED 


FLEXI8LE 
LOADS  AND 
STRUCTURAL 
MODES 
OEFINED 


FLEXIBLE  VEHICLE 
STABILITY  AND  CONTROL, 
FLUTTER,  AND  RIDE 
QUALITY  ANALYSES 


CONFIGURATION 

REFINEO 


Figure  9.  Typical  Analysis  Cycle  for  a  Flexible  Aircraft 


FLEXIBLE  HORIZONTAL 
TAIL  LOAD 


FLEXIBLE  HORIZONTAL  TAIL-\ 


y.  SLOPE  AT  TAIL 


REFERENCE  AXIS 


Figure  10.  Slope  Criteria  to  Define  Aft  Fuselage  Stiffness  to  Meet  Static  Stability  Criteria 


„  ts¥**ysS*'r  -nr  ..Y»  * 


14-9 


LEAD  DISCUSSION 
by 

H.A.  Mooij 

National  Aerospace  Laboratory  NLR 
Amsterdam,  The  Netherlands 


Introduction 

This  short  paper  must  be  regarded  a3  just  a  few  notes  on  important  aspects  of  the  impact  air¬ 
frame  elasticity  can  have  on  flying  and  riding  qualities.  The  author  -regretfully-  did  not  receive 
the  lead-paper  prepared  by  Mr.  Tykes  before  the  Meeting  and  thus  ro  regular  "discussion"  could  be 
prepared.  He  therefore  tried  to  summarize  the  contents  of  a  number  of  -in  his  opinion-  important  pa¬ 
pers  (literature  1-12)  while  adding  his  own  point  of  view  with  the  aim  to  give  a  survey  of  the  pro¬ 
blem  areas  in  the  field  of  interaction  between  flying  qualities  and  riding  qualities  or.  the  one  hand 
ar.d  elastic  deformations  of  the  aircraft  on  the  other  hand. 


2  Considerations 


2. a  General 


The  most  important  developments  responsible  for  recently  increased  interest  m  the  subject 
can  be  attributed  to  a  number  of  changes  in  airframe  construction  evolving  from  the  total  technolo¬ 
gical  advancement.  To  be  able  to  penetrate  domains  of  higher  indicated  airspeeds  and  higher  Mach 
numbers,  slender  fuselages  and  relatively  thin  airfoils  hove  come  into  use. 

Introduction  of  materials  with  higher  specific  strength  and  relatively  lower  stiffnes;  and  acre  op¬ 
timized  construction  technology  have,  together  with  the  form  of  airframe  ju3t  mentioned,  led  to  more 
elasticity  and  associated  lower  structural  frequencies. 

It  is  further  noticed  here  that  in  an  appreciable  number  of  aircraft  (worth  consideration 
with  respect  to  the  possible  interactions  between  aircraft  elasticity  and  flying/riding  qualities), 
some  sort  of  stability  and/or  control  augmentation  system  forms  an  important  part  of  the  aircraft 
control  system.  Augmentation  systems,  having  an  important  bearing  on  the  total  pilot-vehicle  system, 
cannot  be  neglected  in  this  discussion. 


2.b  Flyine  Qualities  and  Hiding  Qualities 

Although  other  descriptions  are  possible,  it  seems  appropriate  to  use  the  following  descrip¬ 
tions: 

? lying  Qualities  of  an  aircraft  determine  th»  suitability  of  the  aircraft  for  control  by  a 
human  pilot}  to  be  a  little  bit  more  specific,  the  "suitability"  can  be  interpreted  as  those 
qualities  and  characteristics  of  ar.  aircraft  which  influence  the  precision,  ease  and  safety 
with  which  a  pilot  is  able  to  perform  designated  manoeuvres  and  tasks  to  fulfil  a  designated 
role. 

Riding  Qualities  of  aircraft  is  the  property  describing  ere'*  and  passenger  comfort  ir.  normal 
turbulence.  Disturbances  considered  here  are  gust-induced  rigid  body  and  clastic  mode  dynamic 
response.  The  bandwidth  of  disturbances  considered  in  this  context  is  outside  the  band  for 
effective  pilot  contrail  (thus  abeve  some  1  c.p.s.). 

2.c  Characteristics  of  elastic  airframes  to  be  considered 

It  seems  practical  for  the  discussion  here  to  distinguish  between  two  characteristics  of 
elastic  airframes  relating  to  the  interaction  with  flying/ riding  qualities. 

Aero-ela3ticity  in  the  quasi-steady  sense  can  be  used  to  indicate  the  property  of  changing 
stability  and  control  parameters  under  certain  conditions}  du»  to  deformations  of  the  aircraft 
structure  as  a  result  of  high  dynamic  pressures,  Mach  effects  and  airframe  stiffness  during  1-g 
flight  or  long  term  manoeuvres,  appreciable  changes  in  stability  and  contiol  parameters  as  compared 
to  those  in  low  3peed  flight  can  occur  (e.g.  Aileron-reversal  problems). 

Structural  Dynamics  is  the  other  characteristic  to  be  considered. 

Structural  dynamics  here  will  be  the  name  for  additional  degress  of  freedom  to  be  considered  in  the 
aircraft  dynamical  description,  covering  the  frequency  band  up  to  the  upper-limit  considered  impor¬ 
tant  for  Riding  Qualities  (10  to  lp  c.p.s.).  Only  effects  of  structural  dynamics  will  be  discussed 
below. 
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2.d  Type  of  interaction-effects 


For  discussion  purposes  it  seems  useful  to  distinguish  between  two  categories  of  aircraft. 
High  performance,  high  load  factor  aircraft.  ' 

’’Influence  of  airframe  elasticity  on  riding  qualities". 

High  levels  of  pilot  distraction  and  fatigue  through  a  rough  ride  are  possible.  It  is 
remarked  here  that  the  important  effect  of  structural  dynamics  on  the  calculated  pewer  spec¬ 
tra  for  pilot  station  accelerations  is  often  neglected  for  t.:is  category  cf  aircraft;  recent 
research  has  indicated  that  an  increase  up  to  a  factor  of  two  in  root  scar,  square  accelera¬ 
tions  of  pilot  stntior  for  certain  configurations  is  possible  when  some  fundamental  structu¬ 
ral  modes  are  included,  (e.g.  symmetrical  bending  of  fuselage.  1st  wine  bending  and  1st  wing 
torsion  modes).  In  particular  cases  it  is  important  to  incorporate  nor.-stcady  aerodynamics 
in  calculations. 


xj  Although  not  described  by  the  3ame  characteristic  properties,  dXL  aircraft  should  possibly  be 
included  in  this  category  for  the  discussion  of  the  influence  of  airframe  elasticity. 


-i - ri-  ~ 


14-10 

Transport  type,  low  load  factor  aircraft. 

"Influence  of  airframe  elasticity  on  flying  qualities  and  on  riding  qualities". 

The  possible  existence  of  very  low  frequency  structural  modes  characterizes  thi3  cate¬ 
gory  of  aircraft. 

As  far  as  the  effects  on  flying  qualities  are  concerned,  one  can  speak  of  "coupling  of  modes" 
in  the  sense  that  when  the  pilot  wants  to  manoeuvre  or  stabilize  the  airplane  ho  has  to  cope 
with  higher  order  responses.  For  a  pilot  trying  to  control  attitude  of  the  airplane  through 
the  Short  Period  Mode  and  Roll  Mode,  the  amount  of  nuisance  dynamics  -for  the  "rigid  air¬ 
craft":  Dutch  Roll  Mode  and  Spiral  Mode-  is  now  aggravated  by  Elastic  Modes  of  the  flexible 
aircraft.  Pilots  appreciation  of  transient  dynamics  will  most  probably  be  based  on  the  total 
response  motion. 

Special  problems  may  arise  when  frequencies  of  rigid  body  and  elastic  modes  are  in  close 
proximity.  Predictions  are  published  (literature:  Cleveland)  indicating  that  for  very  large  high 
subsonic  transport  aircraft  (gross  weight®  5  to  10.10”  lbs)  the  fir3t  wing  symmetric  bending  fre¬ 
quency  md  Short  Period  Mode  frequency  approach  each  other.  When  such  an  aircraft  encounters  a  gust 
the  resulting  wing  bending  induces  motion  of  the  pilot  station.  The  pilot,  in  attempting  to  damp 
this  motion  -what  to  him  appears  as  a  Short  Period  oscillation-  may  intensify  the  wing  bending, 
which  was  the  original  cause  of  the  perceived  mution. 

As  far  as  the  effects  on  riding  qualities  are  concerned,  the  same  arguments  as  forwarded  for 
the  high  performance,  high  load  factor  aircraft  can  be  mfntioned. 

The  probability  that  detrimental  effects  on  riding  qualities  due  to  structural  dynamics  exist  for 
transport  type,  low  load  factor  aircraft,  is  higher  *  for  hieh  performance,  high  load  factor  air¬ 
craft,  because  most  probably  modes  with  4-8  c.p.s.  f,  '•'es  (most  critical  band)  will  occur. 


_3  The  role  of  augmentation  3y3temo 
3. a  Augmentation  Systems 

A3  mentioned  in  the  beginning  of  this  paper,  aircraft  to  be  considered  in  a  discussion  about 
the  interaction  of  flying/riding  qualities  and  airframe  elasticity  will  in  ost  cases  be  equipped 
with  some  sort  of  augmentation  system.  In  an  effort  to  distinguish  certain  .psic  concepts,  three 
ba3ic  groups  can  be  discerned: 

-  Stability  (and  Control)  Augmentation  Systems  (SAo) 

Improvement  of  "rigid  body"  aircraft  flying  qualities 

-  Gust  Alleviation  Systems1^ 

Active  reduction  of  "rigid  body"  gust  sensitivity  (artificial  low  lift-curve-slope)  of  the 
aircraft,  aimed  primarily  at  comfort  improvement  for  crew  and  passengers. 

-  Elastic  Mode  Lamping  Systems 

tmprevement  of  structural  node  response  by  dissipation  of  vibrational  energy  once  present  in 
elastic  modes.  The  system  is  aimed  at  improvement  of  the  riding  qualities  and  fatigue  damage 
rate  reduction. 


The  author  i3  perfectly  aware  that  the  scheme  presented  above  is  rather  arbitrary,  but  it  is 
one  way  to  separate  certain  basic  concepts  in  an  area  where  in  fact  no  clear  separation  is  possible. 

Due  to  relatively  high  power  levels  needed  for  the  actuation  of  vertical  force  producing 

aerodynamic  surfaces  and  the  problems  associated  with  the  simultaneous  excitation  of  elastic  modes 
of  the  wing,  the  2nd  system  holds  the  least  promise  for  "real  elastic"  aircraft.  Therefore  a  trend 
might  be  distinguished  * o  prefer  combinations  of  the  1st  and  tee  3rd  systems  indicated  above,  thus 
3A3  with  Elastic  Mode  Damping  capability.  Thus,  while  contemporary  systems  are  designed  to  provide 
stability  and  control  augmentation  for  improved  flying  qualities,  future  augmentation  systems  will 
incorporate  structural  mode  damping  features  as  well. 

3.b  Advanced  Concepts. 

Due  to  the  emergence  of  the  concept  of  "hardened"  oAS  (being  "as  reliable  as  the  structure”) 

it  seems  that  once  these  systems  are  fully  developed,  the  addition  of  structural  mode  damping  capa¬ 

bility  will,  in  general,  not  add  "appreciably*  -.o  control  systems  complexity  because  all  hardware 
elements  are  already  available.  Elastic  mode  damping  will  mainly  be  a  matter  of  refined  optimiza¬ 
tion  for  sensor  location  and  filter  design. 

The  concept  of  "hardened"  3AS  will  be  required  for  certain  aircraft,  because  the  basic  rigid 
body  airframe  dynamics  are  such  that  no  control  is  otherwise  possible  (e.g.  very  big  CTOL:  exces¬ 
sive  rigid  body  response  times  to  control  inputs;  oXl  :  very  precise  control  for  approach  and 
landing  with  preferably  low  static  stability  airframes). 

Control  au'xr.entation  in  the  form  of  Direct  Lift  Control  (DLC),  designed  ar  an  integral  part 
of  the  overall  3i  .cm,  might  be  needed  to  improve  control  for  low  lift  curve  slope  aircraft  (low 
normal  acaeleratior  sensitivity  to  gust  inputs).  Pilot  opinion  data  have  become  available  indica¬ 
ting  pilots  preference  for  low  lift  curve  slope  aircraft  when  equipped  with  adequate  (DLC)  capabi- 
lity. 


x)  Systems  to  reduce  vertical  acceleration  and  pitch  rotations  are  meant  here.  Lateral  accelerations 
are  basically  only  a  small  fraction  of  the  vertical  accelerations  and  arc  relatively  unimportant 
compared  to  roll  and  yiw  motions  wnich  can  be  taker,  care  o:  by  a  o.Ad  system. 

xx)  Unfavourable  interactions  between  pitch  attitude  control  and  thrust  control  might  exist  as 
well  as  very  adverse  ground  effects.  A  real  requirement  for  rnte-ccmmand/nttitude-hold  'eaturas  of 
the  flight  control  system  could  exist. 
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When  aircraft  are  built  such  that  a  high- authority  (hardened)  SAS  forms  a  basic  part  of  the 
control  loop,  as  might  be  expected  in  the  near  future  a3  indicated  above,  one  might  say  that  the  so 
called  "Fly-By-Wire  (FBW)  principle"  is  realized. 

A  widely  used  definition  is  formulated  as  follows:  "A  FBff  control  system  is  an  electrical  primary 
flight  control  system  employing  feedback  such  that  vehicle  motion  is  the  controlloi  parameter". 

In  this  oase  one  is  fully  dependent  on  the  characteristics  of  the  sensed  state  variables  30  that 
considerations  of  control  system  design  and  structural  dynamics  is  of  ultimate  importance. 

One  beneficial  effect  of  FBW  control  systems  with  respect  to  airframe  elasticity  forms  the  possibi¬ 
lity  to  control  the  aircraft  through  a  side-stick  controller.  Considerable  reduction  of  pilot-necha- 
nical-coupling  between  elastic  modes  and  flight  control  system  as  compared  to  center  stick  or  wheel 
type  controllers  could  be  realized. 


3. c  Criteria 

Criteria  indicating  allowable  degrees  of  interaction  of  elastic  aircraft  modes  for  pilot  con¬ 
trol  are  virtually  non-existent. 

The  U.d.  Military  opacification  on  Flying  Qualities  of  1368  mentions  the  importance  of  the 
possible  important  interaction  by  stating:  "the  effect  of  aeroelasticity  and  structural  dynamics 
3hould  net  be  overlooked  in  calculations  or  analysis  directed  toward  investigation  of  compliance 
with  the  requirements  of  the  specification". 

When  important  interactions  exist  in  such  a  manner  that  dynamic  responses  to  pilot  inputs  for 
aircraft  attitude  control  cannot  be  longer  adequately  described  by  2nd  order  (pitch  attitude)  or 
1st  order  (roll  attitude)  responses,  with  additional  constraints  on  2nd  order  Butch  Roll  characte¬ 
ristics  and  ist  order  Spiral  Mode  (in)stabili ty  due  to  perceivable  multiple  frequency  responses, 
generated  by  structural  dynamics  and  stability  augmentation  dynamics,  effort  should  be  made  tc  con¬ 
sider  time  history  boundary  criteria  instead  of  rigid  body  dynamic  stability  parameter  boundaries. 

4,  Concluding  remarks. 

By  this  very  short  and  certainly  nct-complete  discussion  of  the  effects  of  airframe  elastici¬ 
ty  on  flying  qualities  it  is  emphasized  that  this  complex  problem  area  will  only  increase  for  air¬ 
craft  to  be  built  in  the  future. 

.  Designs  for  low  gust  sensitivity  to  decrease  the  amount  of  energy  transfer  from  the  turbu¬ 
lent  atmosphere  to  rigid  and  flexible  aircraft  modes  mu3t  be  considered  the  solution  most  probably 
selected  by  aircraft  designers. 

In  most  cases  this  will  have  the  result  that  full  reliance  on  stability  and  control  augmentation 
systems  incorporating  elastic  mode  damping  will  be  neces3axy. 

.  Because  3TCL  aircraft  are  operating  a  high  percentage  of  their  flying  time  in  a  turbulent 
atmosphere,  the  importance  of  airframe  elasticity  for  these  aircraft  will  mainly  be  centered  around 
the  accurate  predictions  of  riding  qualities  based  on  calculated  rigid  body  and  elastic  mode  res¬ 
ponses  to  gu3t  inputs. 

.  Favouring  time  history  over  dynamic  stability  parameter  boundaries  will  possibly  ba  the 
best  way  to  cope  with  airframe  elasticity  in  the  field  of  criteria  and  specifications  for  flying 
qualities. 


14-12 


cvS.4  r-'t+.-'Js  »fc.V-»  -~Vw  ■ 


is 


I 


£  References 
1^  Austin,  W.H. 

Z_  Cleveland,  F.A. 

^  Perkins,  C.D. 

4  Newberry,  C.P. 


5.  Wykes,  J.H. 
Kordes,  S.E. 


jS  Flora,  C.C. 


7.  Davis,  H.M. 
Swaim,  H.L. 

£$  Austin,  77.H. 


j?  Swain,  R.L. 

10  Mooij,  H.A. 

11  Franklin,  J.A. 

12  Franklin,  J.A. 


The  effects  of  atmospheric  turbulence  on  handling  qualities  and 
structural  loads. 

RAeS,  CASI,  AIAA  International  Conference  on  Atmospheric  Turbulence, 
1971 

Size  effects  in  conventional  aircraft  design. 

33rd  Wrights  Brothora  Lecture,  AIAA  J.  of  Aircraft,  Vol.  7,  No.  6, 

1970 

Development  of  Airplane  Staibility  and  Control  Technology. 

1970  Vor.  Karman  Lecture,  AIAA  J.  of  Aircraft,  Vol.  7,  No.  4,  1970 

Consideration  of  stability  augmentation  systems  for  large  elastic 
aircraft . 

Plight  Mechanics  Panel,  ACARD  Conference  Proceedings  46,  1970. 

Analytical  design  and  flight  tests  of  a  modal  suppression  system  on 
the  XE-70  airplane. 

Plight  Mechanics  Panel,  ACARD  Conference  Proceedings  46,  1970. 

Dynamic  motions  of  ai re raft-survey  and  introduction. 

Flight  Mechanics  Panel,  AuARD  Conference  Proceedings  17,  1966. 

Control  of  Flexible  Aircraft  Dynamic  Response. 

Flight  Mechanics  Panel,  ACARD  Conference  Proceedings  17,  1966. 

The  Interaction  of  Handling  Qualities,  Stability,  Control  and 
Structural  Loads. 

AOARD  Advisoty  Report  16,  196ft. 

Aircraft  Elastic  Mode  Control. 

AIAA  of  Aircraft,  Vol.  ft.  No.  2,  1971. 

Flight  Pvaluation  of  Direct  .Lift  Control  and  its  effect  on  Handling 
Qualities  in  Carrier  Approach. 

Princeton  University,  Department  of  Aerospace  and  Mechanical  Sciences, 
Report  811,  1967. 

Turbulence  and  Lateral -Directional  Flying  Qualities. 

NASA  CR-1718,  1971. 

Turbulence  and  Longitudinal  Flying  Qualities. 

NASA  CR-ie21,  1971. 


>-c~  1- 


■r:T^s>*.«rti%lSr 


14-13 


OPEN  DISCUSSION 


A.L.  Byrnes,  Lockheed,  USA 

Mr.  Mooij  mentioned  "fly  by  wire"  control  systems  as  a  thing  of  the  future.  I’d  like  to  mention 
that  the  U.S.  Navy  has  had  an  airplane  in  the  fleet  since  1962  which  has  a  "fly  by  wire"  control  system 
and  the  control  system  include.'  augmentation  in  which  stick  displacement  commands  load  factor  rather 
than  control  surface  displacement.  Perhaps  Mr.  Siewert  might  want  to  comment  on  the  Navy  experience  with 
this  airplane. 

R.F.  Siewert,  U.S.  Navy,  USA 

'ihe  airplane  that  Mr.  Byrnes  was  referring  to  was  originally  called  the  A3J  and  subsequently 
the  designation  has  been  changed  to  the  A-5.  It  is  what  we  would  call  now  a  command  augmentation  system. 
It  "ad  no  gust  alleviation.  The  "fly-by-wire"  operation  is  very  reliable  ar.d  has  worked  quite  well. 

In  the  lateral  mode  the  pilots  prefer  the  "fly-by-wire"  over  the  mechanical  system. 

Prof.  K.H.  Doetsch,  DFVLR,  Germany 

Statement  to  Lead  Discussor's  remark  on  the  usefulness  of  fly-by-wire  with  sidestick  controller: 

If  this  sidestick  controller  is  'ixed  to  structure  it  may  not  help  in  avoiding  pilot's  involuntary 
feedback  into  the  control  system  in  ti  llent  air,  because  of  the  reduction  in  force  level,  particularly 
centering  force,  on  this  type  of  contrc ' :er.  It  should  be  fixed  in  the  moving  seat  mentioned  in  Mr. 
Wykes's  paper  on  the  armrest. 

After  watching  many  attempts,  during  the  last  30  years,  at  achieving  gust  alleviation,  I 
put  the  question:  Does  anyone  believe  in  its  eventual  success? 

H.A.  Mooij,  NLR,  Netherlands 

I  don't  believe  in  using  an  active  g, :t  alleviation  system  in  the  more  flexible  aircraft  of  the 

future. 

J.H.  Wvkes ,  NAR,  USA 

I  don't  think  I  would  make  as  strong  a  statement,  but  again  it  has  to  be  approached  from  individual 
applications.  The  flexible  airplane  application  does  present  a  problem,  but  it  can  be  solved  by  coupling 
it  with  a  mode  control  system  and  using  these  together. 

J.T.  Gallagher,  Northrop,  USA 

If  we  do  the  job  properly  on  the  flying  qualities  specification  in  turbulence,  then  the  flexible 
airplane  problem  will  be  taken  care  of.  All  that  will  be  required  is  using  a  flexible  mode  description 
Instead  of  the  rigid  body  description.  The  ride  qualities  problem  is  a  subregion  of  specifying  flying 
qualities  In  turbulence,  if  you  do  it  correctly. 

C.R.  Chalk,  Cornell,  USA 

I  would  like  to  raise  a  point  of  warning  regarding  tb .  design  of  these  systems.  You  must  be 
careful  with  all  this  compensation  and  using  prefilters  on  the  pilot  input.  You  must  be  careful  about 
using  thesa  techniques  because  they  increase  the  order  of  the  dynamic  system.  If  your  mission  requires 
any  precision  tracking  tasks  (attitude  tracking  in  particular)  perhaps  terrain  tracking  you  may  find 
yourself  with  a  PIO  problem. 

W."..  Kemp,  Jr,  NASA  Langley,  USA 

A  comment  regarding  the  iower  frequency  range.  Some  recent  studies  formulating  a  quasi-steady 
ae  oelastic  problem  with  inclusion  of  a  speed  degree  of  freedom,  not  just  the  two  pitch  and  plunge 
degrees  of  freedom,  have  indicated  the  possible  significance  of  aeroelasticlty  on  the  phugoid  motion. 

This  work  has  shown  the  possibility  of  a  phugoid  mode  of  considerably  higher  frequency  then  the  equiva¬ 
lent  rigid  airplane  would  have  and  worse,  a  high  phugoid  damping. 
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INFLUENCE  OF  THE  DESIGN  AND  FUNCTIONING  CHARACTERISTICS  OF  THE  FLUNG  CONTROL  SYSTEM 
OF  A  TRANSPORT  AIRCRAFT  ON  ITS  FLIGHT  QUALITIES 

by 

R.  DEQUE 
AEROSPATIALE 
TOULOUSE,  FRANCE 


SUMMARY  - 

The  flying  control  system,  defined  as  consisting  of  all  the  devices  which 
change  pilot's  action  on  cockpit  controls  into  force  and  aerodynamic  moments 
necessary  to  manoeuvre  the  aircraft,  can  be  more  or  less  cor  .ex  and  may,  for 
instance,  include  various  automatic  compensators.  In  all  cases,  this  system 
plays  a  prominent  part  in  the  behaviour  of  the  manually  operated  aircraft 
system,  the  study  of  which  enables  the  aircraft  flying  qualities  to  be  deter¬ 
mined-  To  illustrate  this  influence,  reference  is  made  to  the  problem-'  en¬ 
countered  in  the  course  of  flying  quality  studios  for  both  a  supersonic  and 
a  subsonic  transport  aircraft.  In  a  first  part,  a  study  is  made  of  the  in¬ 
fluence  of  the  static  and  dynamic  characteristics  of  controls  between  cockpit 
controls  and  surfaces  without  automatic  compensators.  Tne  second  part  the  spe¬ 
cific  problems  raised  by  automatic  compensators  are  evoked.  Finally,  in  the 
third  part,  a  study  is  cade  of  how  flying  qualities  are  affected  by  flying 
control  failures  and  by  the  safety  and  reliability  objectives  which  must 
as  a  consequence  be  achieved. 
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The  study  of  flying  qualities  consists  mainly  of  evaluating  in  what  performance  and  safety  conditions 
the  pilot  can  carry  out  a  given  task  with  his  aircraft  in  a  given  state.  By  safety  we  mean  not  only  the  im¬ 
mediate  risk,  but  also  the  long  term  risk  caused  by  a  control  of  the  aircraft  requir-ng  too  much  attention 
and  skill  to  enable  the  pilot  to  carry  out  his  task. 

The  interface  between  the  pilot  and  the  aircraft  defined  by  its  aerodynamic  propulsive  and  weight  cha¬ 
racteristics  necessarily  plays  an  important  part  in  obtaining  good  flying  qualities.  This  interface  is  es¬ 
sentially  comprised  of  two  parts  :  on  one  hand  the  instruments  which  supply  the  pilot  with  the  information 
required  to  define  his  action  and  on  the  other  hand  the  flying  control  systems  which  enable  him  to  take 
action  on  the  behaviour  of  the  aircraft.  We  are  going  to  study  here  the  influence  of  the  functionary  cha¬ 
racteristics  of  the  flying  control  system  on  flight  qualities.  Since  this  subject  is  extremely  vast  and 
complex  we  shall  not  discuss  it  in  general.  We  shall  only  quote  a  few  examples  to  indicate  the  lessons 
which  we  have  drawn  from  our  experience  in  the  design  and  development  of  civil  transport  aircraft  and 
mainly  of  the  CONCORDE  S.S.T. 

In  the  first  part  of  our  discussion  we  shall  study  the  influence  of  the  static  and  dynamic  characte¬ 
ristics  of  the  controls  between  pilot  controls  and  surfaces.  We  shall  then  evoke  the  particular  problems 
caused  by  automatic  correctors,  and  finally  we  shall  briefly  examine  the  consequences  of  flying  control 
system  failures  on  flight  qualities. 


2.  -  INFLUENCE  OF  THE  STATIC  AND  DYNAMIC  CHARACTERISTICS  OF  TOE  PLYING  CONTROL  SYSTEM  - 
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2.1  -  Static  linear  characteristics  - 

These  ci  aracteristics  are  defined  by  the  relationships  which  exist  between  the  displacement  and 
force  applied  to  the  pilots'  controls  (control  column,  wheel,  pedals)  and  the  deflection  of  the  correspon¬ 
ding  control  surfaces  without  considering  non  linearities  (threshold,  backlash,  friction,  hysteresis). 

a)  Kinematic  relationships  - 

When  several  surfaces  are  controlled  by  the  same  pilots  action,  which  is  often  the  case  in  roll  control 
it  is  possible  to  improve  aircraft  control  by  choosing  the  appropriate  kinematics.  On  CONCORDE,  for  exam¬ 
ple,  it  has  been  possible  to  rtprove  the  '■‘•M  /  “Jo  criterion  which  characterizes  the  roll-yaw  coupling  by 

playing  on  the  relative  roll  deflection  of  -he  inboard  elevons  in  relation  to  the  outbc_.  and  central 
elevons  (see  PI.  2).  This  optimization  has  enabled  us  to  eliminate  completely  the  tendency  to  pilot  indu¬ 
ced  oscillations,  in  supersonic  flight  without  stabilizers. 

The  choice  between  the  pilot  control  displacement  and  the  corresponding  efficiency  of  the  surfaces 
controlled  by  this  displacement  is  difficult.  In  fact,  control  surface  efficiency  can  vary  consideiably 
accotding  to  flight  conditions  (1  to  20  and  even  more  on  certain  aircraft),  and  unless  one  adopts  kinema¬ 
tics  which  are  capable  of  varying  according  to  flight  conditions,  which  is  rarely  the  case  for  complexi¬ 
ty  and  safety  reasons,  one  is  obliged  to  accept  a  compromise.  Large  pitch  or  roll  control  displacements 
are  considered  to  be  uncomfortable  mainly  because  they  render  coordinated  pitch  and  roll  manoeuvres 
difficult  and  Inaccurate  by  the  position  which  the  pilot  controls  then  occupy.  It  appears,  on  the  other 
hand,  that  small  control  displacements  can  be  accepted  without  difficulty  provided  one  has  appropriate 
force  laws  and  very  good  control  characteristics  (very  little  non-linearity).  On  CONCORDE,  we  have  a 
displacement  of  10  mm  in  certain  flight  conditions  to  obtain  a  load  factor  variation  of  lg,  but  we  oust 
remember  that  the  accuracy  of  the  electric  flight  control  of  this  aircraft  is  excellent.  At  the  worst, 
it  is  possible  to  control  by  application  of  forces  without  displacement  of  the  control  column  and  we 
have  retained  this  as  an  emergency  control  mode  in  the  event  of  pilot  control  Jamming. 

The  relationships  between  pilot  control  displacement  and  angular  aircraft  speed  are  not  perfectly 
linear  for  various  reasons.  In  fact,  in  certain  cases  non-linearities  are  created  voluntarily.  Simulator 
testing  sometimes  tends  to  lead  to  excessive  increases  of  efficiency  for  small  control  displacements  par¬ 
ticularly  in  roll  control.  This  is  due  to  the  absence  of  correct  simulation  of  angular  accelerations. 

b)  Feel-force  laws  - 

Different  pilots  have  expressed  varying  opinions  on  force  laws.  Some  of  them  would  prefer  to  have  small 
forces,  particularly  on  the  flight  simulators  because  aircraf*  control  is  in  this  case  in  their  opinion 
more  accurate  and  less  tiring.  However  control  safety  considerations  soon  lead  to  a  compromise  which  on 
CONCORDE  corresponds  to  20  to  JO  daN/g  (See  PI.  J).  Furthermore,  it  is  also  possible  that  in  certain  con¬ 
ditions  of  dynamic  characteristics  of  the  aircraft  small  forces  lead  to  a  tendency  to  pilot  Induced  oscil¬ 
lations.  We  have  encountered  this  situation  in  high  supersonic  flight  with  forces  of  20  daN/fJ  and  by  dou¬ 
bling  the  forces  this  problem  disappeared. 

2.2  -  Dynamic  linear  characteristics  - 

On  CONCORDE  the  maximum  control  surface  displacement  speeds  are  approximately  J0°/second  (tc- 
tal  travel  in  1.5  seconds).  This  has  caused  no  problems.  It  seems,  that  these  values  can  in  the  event  of 
failure  be  divided  by  5  without  detriment  to  the  safety  of  the  flight. 

The  servo-control  band  pass  (See  PI.  4)  which  corresponds  to  a  maximum  phase  shift  of  45*  at  2  c.p.s 
is  not  a  result  of  requirements  for  manual  control  but  rf  automatic  system  stability  considerations  (dam¬ 
per  and  autopilot). 
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2.3  -  Non  linear  characteristics  - 


The  following  non  linearities  are  generally  observed  on  a  control  :  The  kinematics  between 
control  displacement  and  surface  displacement  show  backlash  distributed  elasticity  and  friction  which  cau¬ 
ses  hysteresis  (See  PI.  5.  6). 

If  one  examines  the  relationship  between  the  force  applied  at  the  control  and  displacement  of 
the  surface,  one  can  observe  a  hysteresis  which  is  the  result  of  the  afore-mentioned  backlash,  elasticity 
and  friction,  and  a  force  threshold  which  Is  voluntarily  introduced  to  obtain  a  correct  auto  centering 
characteristic  (See  PI.  7,  8).  It  Is  accepted  that  to  obtain  correct  return  to  neutral  position  this 
threshold  must  have  an  amplitude  of  about  30  %  more  than  the  friction  forces. 

Plight  qualities  are  generally  affected  by  the  position  of  the  artificial  feel  device  In  the 
control  or  more  exactly,  in  relation  to  the  non  linearities  of  the  control.  If  there  is  backlash  or  hys¬ 
teresis  (friction,  elasticity)  between  this  device  and  the  control  surface,  the  position  of  the  surface 
after  control  action  will  not  be  clearly  defined.  In  roll  control  for  example,  this  can  lead  to  conside¬ 
rable  apparent  spiral  instability  or  even  pilot  induced  oscillations. 

Pilots  prefer  small  force  thresholds  (2  to  3  kg  in  pitch  and  1  to  1.5  kg  in  roxl)  which  is  dif¬ 
ficult  to  obtain  with  a  control  system  comprising  fairly  long  cables,  talking  friction  into  consideration, 
and  one  is  then  led  to  Introducing  boosters  on  the  control.  For  this  reason,  we  have  introduced  relay 
Jacks  on  the  CONCORDE  mechanical  standby  controls.  These  Jacks  are  also  used  as  autopilot  servoactuators. 

Another  type  of  non-linearity,  consisting  of  a  no-force  displacement  range,  can  be  observed  on 
certain  controls.  Such  is  the  case  on  CONCORDE.  Within  this  range  (a  few  tenths  of  control  surface  displa¬ 
cement  degree!)  control  column  displacement  does  drive  the  surface  but  with  very  small  force  variations. 

Such  a  characteristic  noted  by  the  pilots  has  not  provoked  any  control  difficultly,  in  spite  of 
the  considerable  control  surface  efficiencies  encountered  in  flight.  But  we  now  this  is  strongly  influen¬ 
ced  by  damping  and  friction  characteristics  of  the  control  around  neutral  position. 

3.  -  PROBLEMS  RAISED  BY  THE  USE  OP  AUTOMATIC  CORRECTORS  - 

The  compromises  made  when  designing  an  aircraft  (weight,  performance,  etc...)  can  lead  to  deficiencies 
in  its  static  and  dynamic  behaviour.  Automatic  devices  are Ohs  naturally  called  upon  to  remedy  this.  Our 
aim  here  is  not  to  study  what  it  is  possible  to  do  with  correctors,  since  theoretically,  almost  any  use 
can  be  made  of  them,  but  to  mention  a  few  practical  limitations  which  we  have  encountered  in  their  use  on 
CONCORDE. 

Dampers  - 

They  elaborate  control  surface  displacement  orders  in  terms  of  the  angular  speeds  detected  in  roll, 
yaw  and  pitch.  The  gain  of  these  stabilizers  is  limited  in  certain  parts  of  the  flight  envelope  by  the 
appearance  of  a  new  oscillatory  mode  (0.8  to  1  c.p.s)  which  is  a  result  of  the  various  delays  introduced 
in  the  loop  by  the  servocontrols  and  filters  introduced  to  avoid  de-stabllizlng  the  structural  modes  of 
the  aircraft.  We  are  fort-mate  in  that  the  gains  thus  obtained  are  adequate  to  ensure  correct  aircraft 
damping,  as  it  would  in  fact  be  difficult  and  expensive  to  improve  the  present  stability  margins  of  the 
stabilization  loop  taking  the  various  constraints  into  consideration. 

For  safety  reasons,  and  In  spite  of  the  automatic  monitoring  devices  adopted  the  authority  of  these 
stabilizers  is  voluntarily  limited  to  relatively  small  values  of  control  surface  displacements  (See  PI.  9)  • 
In  pitch  for  example,  we  avoid  going  beyond  an  authority  corresponding  to  a  load  factor  variation  of  0.5  to 
1  g,  and  there  are  certain  flight  cases  where  this  Is  far  less  this  has  never  caused  any  control  problems 
even  in  strong  turbulence  conditions  when  the  maximum  authority  is  frequently  reached,  but  has  on  the 
other  hand  an  unusual  effect  on  force  law  characteristics  (See  PI.  10)  and  has  led  us  to  find  a  compromise 
between  gain  and  authority.  It  is  possible  to  compensate  the  apparent  loss  of  efficiency  due  to  gyrometrie 
terms  by  introducing  a  compensatory  term  elaborated  from  the  detection  of  the  surface  displacement  ordered. 
Such  a  solution  has  been  developed  on  the  simulator  and  tested  in  flight  but  has  not  been  retained  since  the 
improvement  in  aircraft  control  has  not  been  considered  sufficiently  significant  to  Justify  the  added  com¬ 
plexity. 

Electrical  pitch  trim  - 

An  electrical  trim  device  not  only  enables  the  pilot  to  carry  out  the  conventional  trim  adjustments 
but  is  also  used  as  a  static  stability  corrector.  In  transonic  conditions,  a  trim  displacement  law,  depen¬ 
dent  on  mach  number  and,  at  low  speed,  a  law  dependent  on  incidence,  enables  positivt  stick  free  static 
stability  to  be  restored. 

The  safety  of  these  devices  is  ensured  not  only  by  equipement  self-monitoring,  but  also  by  a  control 
surface  displacement  speed  limitation  controlled  by  the  electrical  trim  system.  This  is  designed  such  that 
the  pilot  is  always  able  to  take  overriding  action. 

The  control  surface  displacement  speed  controlled  by  the  pilot  is  0.5*/sec.  The  speed  of  the  corrector 
devices  is  limited  to  0.35*/sec.  This  means  limiting  the  amplitude  of  the  effectively  obtainable  static 
stability  correction,  to  avoid  anomalies  in  certain  flight  cases.  In  fact,  ir  rapid  but  realistic  varia¬ 
tions  of  Mach  and  particularly  of  Incidence  (recovery  from  involuntarily  exceeding  the  normal  envelope  li¬ 
mitations  for  example)  aircraft  control  becomes  extremely  difficult  if  the  trim  system  cannot  carry  out  the 
planned  displacement  variations,  as  this  can  lead  to  a  considerable  increase  or  decrease  of  control  forces 
Here,  once  again  a  satisfactroy  compromise  has  been  possible. 
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4.  -  CONSEQUENCES  OF  FLYING  CONTROL  SYSTEM  FAILURES  ON  FUOCT  QUALITIES  - 

The  Pranco-Brltish  airworthiness  regulations  for  itu.-orsonlc  aircraft  link  flight  quality  requirement 
levels  with  the  probability  of  occurrence  of  the  various  states  of  the  aircraft. 

Application  of  these  requirements  leads  in  most  cases  to  the  rules  of  common  sense  applied  to  date 
for  failures,  but  it  enables  the  level  of  safety  to  be  evaluated  and  controlled  more  accurately,  particu¬ 
larly  because  of  the  increasing  complexity  of  control  systems. 

This  evaluation  (See  PI.  11)  is  based  on  automatic  processing  of  all  the  aircraft  system  safety  and 
reliability  analyses.  A  computer  programme  classifies  all  the  states  corresponding  to  the  various  failure 
conditions  according  to  probability  levels.  The  tates  to  be  evaluated  on  the  simulator,  and  if  required 
in  flight  are  chosen  after  examining  this  classification. 

As  far  as  automatic  correctors  in  particular  are  concerned  our  objective  has  been  that  in  the  absence 
of  correctors,  control  of  the  aircraft  is  sufficiently  sate  to  avoid  Jeopardizing  the  aircraft  safety  di¬ 
rectly.  This  has  indeed  been  acheived  but  leads  for  example  to  C.G.  limitations  which  are  nevertheless 
compatible  with  satisfactory  conmercial  operation  of  the  aircraft.  It  would  probably  be  possible  to  impro¬ 
ve  the  operational  economy  of  an  aircraft  by  not  observing  this  rule,  if  there  is  a  suficlent  redundancy 
of  systems.  All  indications  lead  us  to  believe  that  this  step  will  be  taken  in  future  generations  of 
transport  aircraft 

5.  -  CONCLUSION  - 

Examination  of  a  few  concrete  examples  has  enabled  us  to  measure  the  close  interdependency  which  exists 
between  flight  qualities  and  flying  control  systems.  We  are  convinced  that  flight  qualities  and  control 
systems  should  be  studied  in  close  association.  CONCORDE  is  an  example  of  this  the  flight  Qualities  of 
this  supersonic  aircraft  which  the  pilots  consider  to  be  at  least  equal  to,  if  not  better  than  those  of 
the  best  subsonic  transport  aircraft,  are  in  part  the  result  of  the  optimization  of  its  control  systems. 
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LEAD  DISCUSSION 

by 

V.  Sobotta 
WV-Fokkar  GtabH 
Breman,  Germany 


The  first  flight  of  ths  Concords  was  not  only  an  historical  data  in  aviation  bscauas  this  airplane  was  ths 
first  civil  ?ST,  this  data  is  also  rsmsrksble  bscauss  with  ths  Concords  ths  first  trus  fly-by-wire  system 
was  flying  in  an  operational  civil  transport  aircraft.  From  ay  own  experience  I  know  how  difficult  it  is 
to  introduce  fly-by-wire  systems  in  aircraft  projects.  Therefor*  ay  congratulations  go  to  the  English  and  | 

French  control  systems  engineers  for  this  success.  i 


Now  to  the  discussion  of  ths  paper  by  Mr.  Deque.  Unfortunately  I  have  no  experience  with  ths  handling 
dualities  of  large  transport  aircraft  like  ths  Concords.  Therefore,  I  was  very  surprised  about  ths  results. 

Mr.  Sliff  mentioned  already  in  hie  paper  earlier  at  this  Meeting  that  for  large  and  high-inertia  airplanes  1 

the  existing  criteria  are  not  in  any  case  usable.  Be  gave  ths  example  of  ths  short  period  mods  at  small 
values  of  n-,,  where  the  required  tendencies  are  Just  reversed  to  ths  tendencies  given  in  MIL-F-8705  ever  j 

the  Mach  number  range.  Compared  with  the  criterion  in  MIL-F-87t:5  the  curve  is  well  within  the  Level  1  j 

region.  But  reducing  the  stick  force  per  g  gradient  at  high  Keel:  numbers  to  10  daN/g  gave.  In  certain  j 

cases,  PIO's.  In  MH-F-S785  this  point  is  located  in  the  Level  }  region,  but  rather  near  to  the  Level  2 
boundary,  so  that  it  can  be  assumed  that  other  parameters  like  stick  deflection  gradient,  short  period 
oscillation  characteristics,  control  wheel  dynamics,  distance  between  the  pilot's  station  and  the  c.g.,  etc.,  ; 

would  be  the  reason  for  these  PIO's.  All  these  parasMters  have  to  be  taken  into  account  in  fixing  the  i 

stick  force  per  g  by  an  optimisation  process.  Considering  the  optimisation  process,  it  should  be  invest!-  | 

gated  whether  the  boundaries  of  the  MIL-F-8785  criterion  on  stick  force  per  g  under  certain  circumstances  i 

can  be  changed,  especially  if  simplifications  of  the  control  system  can  be  attained. 


A  hopeful  start  to  combining  several  parameters  in  an  optimisation  process  was  made  in  the  last  few  years 
with  the  C*  criterion  which  combined  the  angular  rate,  angular  acceleration  and  the  load  factor  in  one 
optimisation  criterion.  I  am  very  surprised  that  nobody  has  mentioned  this  criterion  at  this  Meeting.  Ve 
found  it  very  uuelul  in  the  development  of  the  AFCS  for  the  VTOL  aircraft  VAK  191  B  and  the  European 
projact  MRCA. 

A  very  important  problem  with  fly-by-wire  systems  having  mechanical  back-up  la  tha  change-over  from  the 
electrical  to  the  mecuanicel  system  In  case  of  a  total  failure  in  the  electrical  system.  There  are  two 
effects  following  the  chenge-overs 

1.  A  transient  which  occurs  due  to  the  disparity  between  the  electrical  and  the  mechanical 
systems.  The  disparity  consists  of  several  components  which  are  determined  by  the 
different  relatione  between  stick  and  surface  deflections  in  the  electrical  end  the 
mechanical  systsms,  the  portion  of  the  SAS  signal  in  cast  of  a  non-atat ionary  flight 
condition,  the  run-sway  portion  until  the  failed  system  is  switched  off,  etc.  The 
transient  effect  can  be  expressed  either  as  a  difference  of  load  factor  An  (g:  or  as 

an  altitude  change. 

2.  A  change  in  the  handling  qualities  due  to  changed  stick  dynamics  and  tha  loeu  of 
SAS  operation. 

In  the  length  of  Mr.  Deque's  paper  it  surely  ie  not  possible  to  present  a  quantitative  analysis  of  thesa 
phenomena.  But  I  want  to  express  my  feeling  that  it  will  ba  vary  helpful  for  the  realisation  of  fly-by¬ 
wire  systems  in  other  aircraft  to  learn  about  what  has  bean  gained  in  flight  testa  with  the  Concords  in 
the  near  future.  We  look  for »ard  to  your  next  paper,  Mr.  Deque. 
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OPEN  DISCUSSION 


W.  Bihrle,  Gruiaaan,  USA 

The  reference  to  the  FAA  comment  that  8785B  did  not  predict  what  was  required  during  the  landing 
cask  fo.  to  aircraft  that  had  high  inertia  or  low  static  margin  -  that  is  not  quite  so,  and  I  would 
like  to  correct  this  statement.  It  isn't  really  the  damping  ratio,  as  mentioned,  that  is  the  problem. 

It  just  happens  that  as  the  c.g.  goes  aft,  the  airplane  becomes  very  highly  damped  but  this  is  not  the 
problem.  What  the  pilot  is  really  complaining  about  is  that  when  you  have  a  neutrally  stable  airnlane, 
you've  got  a  low  frequency  and  you  don't  get  the  required  angular  acceleration  cue  for  performing 
precision  control  tasks.  Specifying  an  ungp/N^  value  takes  care  of  this  problem  as  Don  Berry  v.ll 
verify  from  NASA  FRC  experience.  Those  interested  should  read  AFFDL-TR-65-198  and  AIAA  #69-894  preprint. 

I  would  also  like  to  emphasize  the  point  that  Hr.  Chalk  made  after  the  previous  paper  regarding 
being  careful  in  designing  adaptive  autopilot  systems. 

R.J.  Woodcock,  AFFDL,  USA  - 

I  was  hoping  that  the  subject  of  c*  would  not  come  up.  I  have  felt  for  some  time  the  c*  has  no 
place  being  mentioned  in  a  meeting  dealing  with  handling  qualities.  We  have  found  that  c*  does  not 
always  correlate  too  well.  We  don't  think  that  8785B  is  necessarily  the  best  way  to  go,  but  I  don't 
think  c*  is  it.  In  two  specific  instances  we  have  found  that  c*  does  not  correlate  with  pilot  rating  or 
opinion:  See  AFFDL  TR  67-120  by  McCormick  and  Koepke  of  Northrop  and  AFFDL  TR  70-74  (2  vols.)  by 
Neal  and  Smith  of  Cornell  Aero  Lab. 

Prof.  R.  Bemotat,  Germany 

Have  you  done  any  investigation  concerning  not  onlv  stick  deflection  but  also  stick  rate  and 
stick  acceleration, respectively  their  weighting  factors  as  a  function  of  the  changing  aircraft 
dynamics  over  whole  flight  envelope? 

R.  Deque,  Aerospatiale,  France 

We  have  not  been  doing  this  type  of  research  on  the  Concorde. 

D.T.  Berry,  NASA/FF.C,  USA 

I  would  like  to  add  to  the  comments  on  time  history  envelope  criteria,  such  as  pitch  rate 
envelopes  and  c*.  Results  from  the  XB-70  program  (and  limited  data  from  the  YF-12)  show  poor  correlation 
with  time  history  envelope  criteria,  particularly  for  supersonic  cruise  flight.  The  parameter  “”SP/,N3* ' 
however, correlates  very  well  with  the  data  from  these  programs.  We  have  also  observed  that  pitch 
rate  time  histories  from  two  different  cases  could  be  very  similar,  and  yet  receive  different  pilot 
ratings.  These  same  cases,  however,  did  have  a  significant  difference  in  u^gp/Nza  that  did  correlate 
with  the  pilot  ratings.  This  implies  that  if  time  history  criteria  are  to  succeed,  a  response  parameter 
must  be  chosen  that  is  a  stronger  cue  to  the  pilot.  Perhaps  pitch  acceleration,  as  Mr.  Bihrle  suggests 
is  implied  in  the  u^gp/Nza  parameter,  is  what  is  needed. 

H.A.  Mooij.NLR,  Netherlands 

Could  Mr.  Chalk  please  comment  on  all  questions  raised  here  regarding  time  history  criteria? 

C.R.  Chalk,  Cornell,  USA 

I  agree  with  Mr.  Woodcock.  The  time  history  envelope  in  particular  c*  is  not  adequate  to  do 
the  job.  We  have  examples  which  refute  the  use  of  c*  as  a  criteria.  It  can  be  overly  restrictive  as 
well  as  not  screening  out  bad  ones. 
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PARAMETERS  AFFECTING  LATERAL-DIRECTIONAL 
HANDLING  QUALITIES  AT  LOW  SPEEDS 

by 

K-H.  Doetsch,  Jr. 

National  Aeronautical  Establishment 
National  Research  Council  of  Canada,  Ottawa  K1A  0R6,  Canada 


SUMMARY 

A  study  is  undertaken  of  the  factors  affecting  the  lateral-directional  handling 
qualities  of  aircraft  in  typical  VMC  STOL  flight  manoeuvres  as  certain  modal  parameters 
are  varied.  It  is  found  that  for  the  low  flight-speed  and  the  low  dutch  roll  frequencies 
investigated,  the  side  force  equation  takes  on  added  significance  in  establishing  the 
oscillatory  mode  through  the  vector  contribution  of  the  weight  component  acting  along  the 
y-axis.  When  this  contribution  is  large,  secondary  effects  on  handling  qualities  can 
arise  if  the  relationship  between  the  yaw  rate  and  sideslip  vectors  in  the  oscillatory 
mode  is  established  solely  by  varying  the  derivatives  of  the  moment  equations  because, 
under  these  circumstances,  unusual  groups  of  derivatives  may  be  necessary  to  satisfy  the 
imposed  constraints .  Similar  deviations  from  normal  values  for  the  moment  derivatives 
may  be  required  to  force  the  zeros  from  the  poles  in  the  bank  angle  to  aileron-control 
transfer  function  whilst  simultaneously  maintaining  the  correct  vector  relationships  in 
the  oscillatory  mode.  The  secondary  effects  on  handling  qualities  arising  from  these 
two  sources  of  unconventional  sets  of  derivatives  may  be  of  greater  significance  than  the 
primary  effects  associated  with  changes  in  the  modal  parameters  and,  when  this  occurs, 
handling  qualities  criteria  based  on  the  modal  parameters  alone  must  be  established  with 
considerable  caution. 

SOMMAIRE 

On  commence  a  etudier  les  facteurs  affectant  les  qualites  de  manoeuvre,  en  roulis, 
en  lacet  ct  en  derapage,  d'avions  ADAC  pilotes  a  vue  j.ors  devolutions  types  de  ces 
appareils  et  comportant  des  variations  de  certains  parametres  modaux.  On  a  trouve  qu'aux 
falbles  vitesses  et  aux  faibles  frequences  du  roulis  hollandais,  qui  ont  ete  etudiees, 
l'equation  des  forces  de  derapage  devient  plus  importante  pour  determiner  le  mode 
oscillatoire  par  la  contribution  vectorielle  de  la  composante  du  poids  suivant  l'axe  y. 
Lorsque  cette  contribution  est  grande,  des  effets  secondaires  sur  D'.s  qualites  de 
manoeuvre  peuvent  apparaltre  si  la  relation,  entre  les  vecteurs  de  derapage  et  de  vitesse 
de  rotation  en  lacet  dans  le  mode  oscillatoire,  est  etablie  uniquement  en  faisant  varier 
les  derivees  des  equations  des  moments  car,  dans  ces  circonstances,  des  groupes  inhabituels 
de  derivees  peuvent  etre  necessaires  pour  satisfaire  les  contraintes  imposees.  Des 
deviations  semblables  des  valeurs  normales  pour  les  derivees  des  moments  peuvent  etre 
necessaires  pour  chasser  les  zeros  des  poles  dans  la  fonction  de  transfert,  permettant  de 
controler  1’ angle  de  rotation  en  roulis  a  1’aide  des  ailerons,  tout  en  gardant  simultane- 
ment  la  relation  vectorielle  correcte  dans  le  mode  oscillant.  Les  effets  secondaires, 
sur  les  qualites  de  manoeuvre,  ayant  leur  origine  dans  ces  deux  sources  de  groupes 
inhabituels  de  derivees  peuvent  etre  plus  importants  que  les  effets  orimaires  lies  aux 
changercents  des  parametres  modaux  et,  lorsque  c'est  le  cas,  les  criteres  des  qualites  de 
manoeuvre  bas€s  uniquemant  sur  les  parametres  modaux  doivent  etre  etablis  avec  une 
attention  toute  particuiiere. 


SYMBOLS 

g  Acceleration  due  to  gravity,  ft/sec2 

L  Rolling  acceleration  per  unit  subscript,  rad/sec2/unit  subscript 
N  Yawing  acceleration  per  unit  subscript,  rad/sec2/unit  subscript 

p  Rate  of  roll,  rad/sec.  Positive  starboard  wing  down 

r  Rate  of  yaw,  rad/sec.  Positive  nose  to  starboard 

5  Laplace  operator 

U  Linear  steady-state  velocity  along  x-axis,  ft/sec 

v  Lateral  component  of  velocity,  ft/sec,  positive  to  starboard 

Y  Lateral  acceleration  per  unit  subscript,  ft/sec2/unit  subscript 

y  Distance  in  direction  of  lateral  axis  normalised  by  5  wavelength  of  oscillatory 

mode 

Angle  of  sideslip,  rad 

Pilot’s  roll  control  deflection,  in.,  positive  for  positive  rolling  moment 
Pilot's  yaw  control  deflection,  in.,  positive  for  positive  yawing  moment 
Damping  ratio 

Roll  subsidence  root  of  the  lateral-directional  characteristic  equation,  rad/sec 
Spiral  root  of  the  lateral-directional  characteristic  equation,  rad/sec 

o  Root  mean  square  value 

6  Roll  angle,  rad 

p  Heading  angle  perturbation,  rad 

u  Undamped  natural  frequency  of  a  second-order  mode  specified  by  a  subscript 


B  = 

5a 
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Calculated  (see  Fig.  2) 

Crosswind 

Dutch  Roll 

Gust 

Roll  rate 
Yaw  rate 
Spiral 

Roll  subsidence 
In  direction  of  lateral  axis 
Roll  transfer  function 


1.0  INTRODUCTION 

Owing  to  our  lack  of  understanding  of  the  exact  form  of  the  multiple  loops  involved 
in  controlling  aircraft  in  flight,  a  need  for  experimental  data  arises  whenever  attempts 
are  made  to  establish  criteria  for  handling  qualities.  It  was  to  provide  data  of  this 
nature  that  the  Flight  Research  Section  of  the  National  Research  Council  of  Canada,  in 
conjunction  with  and  under  contract  to  Cornell  Aeronautical  Laboratory,  Inc.,  USA  and  the 
United  States  Air  Force,  embarked  on  a  programme  to  investigate  the  lateral-directional 
handling  qualities  of  aircraft  during  typical  STOL  manoeuvres  in  visual  meteorological 
conditions  (VMC).  (Ref.  1). 

The  simulator  used  in  the  investigation  (Fig.  1)  possesses  four  degrees  of  freedom 
that  may  be  independently  controlled,  namely  the  rotational  degrees  of  freedom  about  the 
principal  axes  and  the  translational  degree  of  freedom  along  the  z-axis.  No  means  exists 
of  independently  varying  the  translational  modes  along  the  x  or  y-axes.  The  desired 
motion  in  the  lateral-directional  planes  is  obtained  by  appropriately  controlling  the 
rotational  degrees  of  freedom  whilst  taking  due  account  of  the  open-loop  side  force 
characteristics  arising  both  from  the  generation  of  the  moments  and  from  the  inertial 
and  aerodynamic  side  force  characteristics  of  the  basic  simulator. 

A  survey  of  the  current  literature  at  the  outset  of  the  investigation  indicated  that 
a  logical  framework  for  a  programme  would  be  one  defined  by  specific  modal  parameters 
associated  with  the  aircraft  transfer  functions.  Previous  work  had  shown  that  parameters 
of  significance  to  the  pilot  in  controlling  aircraft  at  higher  speeds  than  that  to  be 
investigated  and  with  dutch  roll  natural  frequencies  in  excess  of  1  rad/sec  were  Ar,  As, 
wd*  ?d»  “V  !gld»  U  and  control  characteristics. 

Although  it  has  long  been  recognised  that  the  effects  of  these  parameters  are 
interdependent,  certain  primary  characteristics  are  normally  associated  with  each  of 
them,  namely: 

Ar  -  a  measure  of  the  damping  in  roll  which  gives  an  indication  both  of  the  piloting 
'  technique  required  to  control  bank  angle  with  aileron  and  of  the  ease  with  which 

this  control  may  be  achieved. 

High  Ar  corresponds  to  a  rate-type  of  aileron  control  whilst  low  Ar  corre¬ 
sponds  to  an  acceleration-type  of  aileron  control  over  bank  angle. 

As  -  a  measure  of  the  spiral  stability  of  the  aircraft 

ud,  Sd  -  a  measure  of  the  open-loop  oscillatory  mode  of  the  lateral-directional  dynamics 

to.  ,  -  a  measure  of  the  extent  of  the  excitation  of  the  oscillatory  mode  when  aileron 

9  ?  is  applied 

ill,  -  a  measure  of  the  relative  magnitude  of  the  moduli  of  d>  and  B  in  the  undamped 
p  open-loop  oscillatory  mode. 

Control  characteristics  -  the  control  sensitivity  and  the  maximum  control  power  available 
are  of  importance  to  the  pilot  both  for  manoeuvring  and  for  the  suppression  of 
external  disturbances.  The  harmony  of  the  effects  of  the  controls  over  their 
respective  degrees  of  freedom  is  also  of  significance  to  the  pilot. 

In  the  current  work  it  was  decided  to  place  the  major  emphasis  on  an  investigation 
into  the  effects  of  the  oscillatory  mode  on  flight  characteristics.  The  roll  subsidence 
mode  was  thus  fixed  at  Ar  =  -ij  rad/sec,  the  spiral  root  at  Ag  =  0  corresponding  to 
neutral  static  stability,  the  maximum  roll  and  yaw  control  powers  at  1.2  and  2.25  rad/sec2 
respectively  and  the  two  corresponding  control  sensitivities  at  O.J»  and  0.75  rad/sec2/in. 
The  above  are  levels  for  these  parameters  likely  to  arise  in  V/STOL  aircraft  and  it  was 
hoped  that  they  would  not  lead  to  secondary  detrimental  characteristics  that  would 
dominate  the  handling  qualities  of  any  configuration. 

It  subsequently  transpired  that  the  control  sensitivities  and  maximum  powers 
selected  led,  in  general,  to  an  aileron  control  with  low  to  inadequate  control  power  and 
to  a  rudder  control  that  was  too  sensitive. 

The  evaluation  task  involved  VHC  flight  at  50  knots  and  included  for  each  configura¬ 
tion  coordinated  and  uncoordinated  turning  manoeuvres,  a  constant  speed,  6°  glide-path 
approach  with  a  simulated  crosswind  of  10  knots,  and  a  sidestep  manoeuvre  into  the 
crosswind  initiated  at  200  ft  A.G.L.  which  was  to  result,  before  touchdown,  in  a  lateral 
displacement  from  the  approach  path  of  300  ft  and  in  a  final  aircraft  heading  identical 
with  the  approach  heading. 


m 


m 


Moderate  artificial  turbulence  (ag  =  3.4°)  excited  the  aircraft  dynamics  throughout 
the  evaluations.  8 

2.0  EQUATIONS  OF  MOTION 

The  lateral-directional  equations  of  motion  simulated  made  use  of  conventional 
derivatives  and  were: 

Rolling  Moment: 


S(S-L  )<J>  - 
Yawing  Moment: 


L  r  — 
r 


=  L6a  6a 


+LB  6g  +  L6 


-NpS<}.  +  (S-Nr)r  - 


NgB  =  Nja  6a  +  NSr  6r  +  Ng  Bg  +  Ng 


Side  Force: 

-(g+YpS)$  +  (U-Yr)r  +  (US-Yg)B  =  Y6a  6a  +  YSr  Sr  +  YBg  8_  +  YgCM  Bcw  (3) 

The  rolling  moment  and  yawing  moment  derivatives  could  be  varied  at  will,  whereas  the 
side  force  derivatives  were  those  inherent  in  the  basic  simulator  and  in  the  generation 
of  the  appropriate  moments. 

The  derivatives  changed  to  obtain  the  seven  desired  modal  parameters  were: 

Lp  »  Lr  ’  L8  *  NP  *  Nr  ’  NB  *  N«a 

and  the  modal  parameter.-  chosen  to  classify  the  configurations  can  be  obtained  from  the 
bank  angle  to  aileron  control  transfer  function,  namely, 

.  K(SZ+2C .w.S+w. 2 ) 

sk{S)  ~  (S-As) (S-lR)tst+2c^udS+udi )  (l<) 

where,  for  this  programme, 

U  =  84.5  ft/sec 

Ag  =  0  rad/sec 

Ar  =  -4  rad/sec 

|||d  =  0.2  ,  0.75  •,  1.5 

ud  =  1.0  ,  0.5  ,  O.J25  rad/sec 

?d  =  0.3  ,  0.2  ,  0.1  ,  0  ,  -0.1  ,  -0.2  ,  -0.3  ,  -0.4 

and  ^  were  assigned  various  values 

In-flight  responses  of  the  aircraft  to  simultaneous  aileron,  rudder  and  gust  Inputs 
are  compared  In  Fig.  2  with  the  desired  responses  subsequently  calculated  from  the 
appropriate  equations  of  motion  for  the  same  inputs.  The  close  correspondence  between 
the  desired  and  actual  responses  is  typical  of  that  obtained  throughout  the  investigation. 

3.0  RESULTS 

The  pilots’  comments  on  the  lateral-directional  handling  characteristics  encountered 
indicated  that  the  prime  causes  of  difficulty  associated  with  the  different  configurations 
were  varied,  ranging  from  inadequate  stiffness  and/or  dtunping  associated  with  the  lateral- 
directional  oscillatory  mode,  excessive  undesired  response  to  control  inputs,  excessive 
response  to  turbulence  and  crosswind,  apparent  static  Instabilities,  inadequate  aileron 
control  power  and  an  over-sensitive  rudder  control. 

The  extent  of  some  of  these  detrimental  characteristics  associated  with  secondary 
effects  was  greater  than  anticipated  and  the  reason  for  this  must  be  found  in  the  group¬ 
ings  of  the  modal  parameters  chosen. 

3.1.0  Influence  of  modal  parameters  in  establishing  the  required  derivatives 

Conventional  open-loop  oscillatory  modes  are  established  primarily  by  the  yaw  rate 
and  sideslip  vectors,  the  latter  providing  stiffness  to  the  mode  through  the 
coupling  vector  component  Ng*B  in  the  yawing  moment  equation,  while  the  damping  is  pro¬ 
vided  by  the  vector  component  Nr*r.  The  yaw  rate  and  sideslip  perturbations  cause 
perturbations  in  roll  but  the  latter  normally  only  provide  weak  feedback  to  the  oscil¬ 
latory  mode. 

The  roll  subsidence  mode  is  to  a  large  extent  established  by  the  value  of  Lp  and,  in 
order  to  satisfy  the  oscillatory  mode  constraints  in  the  rolling  moment  equation,  a  large 
vector  component  Lg'B  is  required  virtually  in  antiphase  to  the  Lp*p  vector  component. 

This  relationship  is  insensitive  to  quite  large  variations  in  the*yawing  moment  deriva¬ 
tives  unless  Ar  is  reduced  to  the  same  order  of  magnitude  as  Uj  —  a  .  mdition  that  did 
not  prevail  in  the  present  investigation.  (Refer  no  the  Appendix  for  details.) 

The  spiral  mode  is  established  simply  by  whether 


Nr  y  Lr 
Nft  <  Ls 
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and,  within  the  limits  for  Xg  normally  considered  as  acceptable,  this  relationship  places 
a  strong  restraint  or.  the  relative  values  of  these  derivatives.  /The  actual  value  of  the 
above  ratios  is  established  by  the  location  of  the  zeros  of  the  Fs-(S)  transfer  function 

t  XT  T  O  r  .  i.\  .  _lV 


and  the  side  force  derivatives.  ^For  Xs= 
3.1.1  Effect  of  £f*srrl$l 


NH=  hi-  *  _  ^‘V-Yvl 


n  — =  — 

u>  Ng  Lg 


Sp] 


The  key  equation  in  establishing  the  values  of  the  yawing  moment  derivatives  required 
to  satisfy  the  modal  constraints  proves  to  be  the  side  force  equation.  Conventionally, 
the  sideslip  generated  in  the  oscillatory  mode  may  be  obtained  to  a  good  approximation 
by  writing  this  equation  as 

B  =  -r  ,  (6) 

the  implicit  assumption  being  that  both  the  aerodynamic  side  forces  generated  and  the 
weight  component  acting  along  the  y-axis  have  negligible  influence  on  the  mode  in 
comparison  with  that  of  the  yaw  rate  term.  The  assumption  may  be  confirmed  a  posteriori 
if  the  displacements  from  the  equilibrium  flight  pa.h  due  to  the  oscillatory  mode  are 
negligible  in  comparison  with  the  wavelength  of  the  mode. 

Some  of  the  configurations  evaluated  <  •  the  current  programme  exhibited  this 
characteristic  and  the  resulting  oscillatory  motion  was,  in  the  directional  plane, 
approximated  well  by  i|<  =  -B.  However,  many  other  configurations  were  not  adequately 
described  by  this  simple  approximation  and,  for  these,  the  sideslip  was  better  defined 
c y  the  more  complete  side  force  equation  in  which  the  major  external  lateral  forces  are 
no  longer  neglected,  namely,  „ 

B  =  -r  +  j^i{i+-jj^  (7) 

For  the  modal  constraints  of  the  investigation,  it  is  shown  in  the  Appendix  that  the  ^<)> 
term,  representing  the  .‘‘‘teral  force  arising  from  the  weight  component  acting  along 
the  y-axis,  exerts  an  l***  luence  on  the  oscillac^ry  sideslip  that  increases  with  the  ratio 
§■'5^1  ^1  (j  :  When  thif  v'io  is  small,  the  characteristic  oscillatory  motion  is  estab¬ 

lished  essentially  by  ,\iw  is'.e  and  sideslip  vector  components  in  the  yawing  moment 
equation  and  the  usual  rp,--  'Xima*-!.on  w’  „  =  -1  is  valid.  However,  as  the  ’-atio  is 
increased,  the  sideslip  i  i  feev^d  ev-r  „/ r-  by  the  lateral  forces,  and  the  above 
approximation  for  the  veev  ,r  relacic  «v.'<>  '.  tween  if >  and  B  in  the  oscillatory  mode  may 
become  completely  invalid.  The  change .  'ure  of  this  ve„cor  relationship  can  result  in 
the  primary  effects  of  many  of  the  a  f '  namic  derivatives  on  the  mode  being  altered.  A 
further  factor,  which  gains  prominent,  vnen  the  characteristic  frequency  is  .low,  arises 
from  the  relative  magnitude;:  of  accelerations,  rates  and  displacements-  in  the  oscillatory 
mode,  given  by  " 

5  :  y  :  y  =  :  wd  :  1  (8) 

Thus,  when  the  characteristic  i quer.oy  is  decreased  to  values  below  1  rad/se--,  the 
increasing  influence  of  the  lateral  forces  is  made  apparent  through  large  lateral 
displacements  from  the  equilibrium  flight  path. 

Examples  of  the  shift  in  amplitude  and  phase  of  ii>  relative  to  B,  with  increasing 
,  may  be  seen  in  Fig.  3a.  A  measure  of  the  influence  of  this  shift  is  given  by 
thedvec£or  of  the  lateral  displacement  of  the  aircraft’s  centre  of  gravity  normalised  by 
a  quarter  wavelength  of  the  oscillation. 

The  large  changes  required  in  the  vector  ratio  g-ld  to  satisfy  the  modal  constraints 
are  due  to  the  fact  that  p  a<d  S,  because  of  the  relative  magnitudes  of  Xr  and  iod,  remain 
essentially  in  antiphase  for  quite  large  variations  in  yawing  moment  derivatives.  This 
means  that  the  gdterm  provides  predominantly  a  stiffness  term  to  the  oscillatory  mode  in 
sideslip.  If  the  vector  component  (yp*p+Yg*B)/U  does  not  provide  the  correct  damping  for 
this  mode  there  is  a  requirement  that  the  remaining  damping  as  well  as  the  remaining 
stiffness  be  providea  by  the  yaw  rate  term  (Fig.  3b).  Thus,  particularly  for  those  cases 
where  §<J>  provides  considerable  stiffness,  large  changes  in  the  vector  r  may  be  demanded. 
In  order  to  achieve  these  changes  it  becomes  necessary  to  adjust  the  values  of  Np,  Nr  and 
Ng  appropriately,  and  it  is  the  secondary  effects  of  these  adjustments  on  the  various 
transfer  functions  defining  the  aircraft  motion  that  become  of  greater  significance  In 
the  resulting  handling  qualities  than  the  direct  effect  of  altering  the  particular  modal 
parameter  under  consideration.  The  influence  of  the  magnitude  of  if  jj*?!*-]  on  the  deriva¬ 
tives  required  to  satisfy  the  oscillatory  constraints  may  be  seen  from  Figs.  3b, c  and  d. 
Tiie  shaded  portion  corresponds  to  the  basic  oscillatory  mode  ir.  sideslip,  yaw  and  roll 
respectively,  and,  whenever  large  vector  components  are  required  approximately  in  anti¬ 
phase  to  close  the  vector  polygon  around  this  portion,  secondary  effects  of  significance 
to  the  handling  qualities  of  the  configuration  result. 

Such  Influences  are  well  illustrated  in  Fig.  4.  For|^|d  =  0.2,  as  j|  is 

increased  from  0.076  to  0.304  through  changes  in  uj,  one  observes  that  increasing  the 
damping  ratio  may  in  fact  cause  deterioration  in  handling  qualities.  The  oscillatory 
motion  following  disturbances  was  quite  apparent  to  the  pilot  for  the  group  of  configura¬ 
tions  with  «<j  =  <»<t>  =  1  rad/sec,  and  the  fact  that  increasing  the  damping  ratio  improved 
handling  qualities  was  reflected  in  the  pilots’  ratings.  In  contrast,  for  those  configura¬ 
tions  with  «<j  =  U(j>  =  0.25  rad/sec  and  the  secondary  effects  of  the  yawing  moment 

derivatives  required  to  satisfy  the  modal  parameters  result  in  the  generation  of  large 
sideslip  angles  proportional  to  the  bank  angles  commanded  by  aileron  control  (e.g. 

g 

^|(ja  =  0.625  for  sd  =  0.3)  as  the  damping  ratio  is  increased  and  this  effect  more  than 
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offsets  the  Improvements  afforded  "by  the  increased  damping  of  the  oscillatory  mode. 

#For  this  latter  group  of  configurations  the  optimum  rating  occurs  when  the  r  and  $ 

(or  r  and  p)  vectors  are  in  antiphase  (?d  =  0.09)  and,  simultaneously  with  this  condition, 
one  obtains  both  minimum  sideslip  generated  by  aileron  and  minimum  sideslip  due  to  0g 
because  of  the  small  values  of  N$a  and  Ng  required  to  satisfy  the  modal  parameters. 

This  configuration  cculd  be  called  the  basic  configuration  for  «<j>  s  t-M  =  0.25  rad/sec, 

C*  =  5d,  |f|d  =  0.2  and  for  the  values  of  AR,  -Ag,  p  and  side force  derivatives  of  the 
investigation.  The  ope.— loop  oscillatory  motion  corresponds  to  a  pendulous  motion  about 
the  equilibrium  flight  path  with  aircraft  heading  changes  that  are  smaller  than  sideslip- 
angle  variations,  whilst  the  bank  angle  and  displacement  from  the  equilibrium  flight  path 
remain  in  antiphase. 

3.1.2  Effect  of  moving  zeros  cf  ^-(S)  from  complex  poles 

In  the  limit  -*•  0,  the  zeros  must  coincide  with  the  poles.  Thus,  for  those 

cases  where  both  {J'sVijL  and  l$ld  are  small,  movements  of  the  zeros  from  the  poles  can 
only  be  achieved  by  13”  ?  changes  in  the  yawing  moment  derivatives  from  their  normal 
values.  Minimum  osc.-.atory  excitation  with  aileron  occurs  when  Np  and  Nda  are  related 
approximately  by 

=  r-  (N  -  £)  (9) 


and  the  secondary  effects  of  large  Ng,  N_  and  the  corresponding  Nga  cause  greater  concern 
to  the  pilot  than  would  be  expected  if  these  derivatives  couia  have  been  kept  at  more 
normal  levels. 


As 


increases,  however,  it  becomes  possible  to  find  configurations  which  are 


Improved  by  moving  the  zeros  frcm  the  poles  because  the  changes  in  derivatives  required 
by  this  movement  counteract  the  requirements  of  increasing  The  improvement  in 

the  secondary  characteristics  can.in  this  case,  more  than  compensate  for  the  deterioration 
caused  by  the  primary  effect  of  exciting  the  oscillatory  mode  .>ith  aileron,  particularly 
for  the  lower  values  of  wd  where  th<>  pilot  has  greater  lead  time  available  to  control  the 
oscillation. 


3.1.3  Effect  of  increasing  |g-|d 

The  effect  of  incx-easing  |^|d  was  only  investigated  for  those  cases  in  which  a*-* 

?,{,  =  and,  as  a  result,  the  £  1  |<M  eff,ect  on  the  yawing  moment  derivatives  was  such 
as  to  cause  an  even  more  rapidUde6erlcration  in  handling  qualities  with  increasing  j&L 
than  was  expected,  particularly  at  the  higher  natural  frequencies  and  damping  ratios, 
where  the  pilot  did  not  in  general  have  sufficient  aileron  control  power  available  to 
counter  the  large  rolling  moments  generated  by  disturbances  in  yaw  and  sideslip. 


It  is  possible  that  some  improvement  may  be  afforded  to  these  configurations  by 
moving  the  zeros  from  the  poles  i«.  the  j^(S)  transfer  funct.on,  thereby  reducing  the 
magnitude  of  some  of  the  derivatives  associated  with  the  generation  of  large  sideslip  and 
yaw  disturbance  ,  in  particular,  Nfia,  Np  and  Mg. 

3.1. A  Effect  of  AR,  Ag  constraints 

^a)  AR  It  may  be  felt  that  the  open  loop  aperiodic  constraints  that  were  applied 
could  have- had  a  significant  effect  on  the  results.  A  study  of  approximations,  valid  for 
the  present  conditions,  for  the  values  of  derivatives  required  to  satisfy  the  various 
constraints  indicates  that  the  different  transfer  functions  are  not  affected  significantly 
by  AR  unless  the  latter  is  reduced  to  tne  same  order  of  magnitude  as  w<j.  For  the  present 
conditions  this  would  lead  to  an  acceleration-type  of  aileron  control  which  is  to  be 
avoided  because  of  the  resulting  Imprecise  hank-angle  control  available  to  the  pilot. 


It  is  possible  to  shift  the  optimum  configurations  to  those  with  slightly  different 
parameters  by  decreasing  Ar,  but  the  general  pattern,  although  distorted,  remains  much 
the  same.  To  be  Specific,  those  case:  in  which  and  may  be  improved  by 

decreasing  AR  if  the  required  N,5a  is  negative,  because  the  ensuing  reduction  in  (Np  -  §) 

requires  a  smaller  N$a  which,  in  turn,  results  in  less  aileron  induced  sideslip  for  a 

given  bank  angle.  The  effect  is  most  pronounced  at  high  values  of  § 

(b)  Ag  Movement  of  the  spiral  root  within  the  limits  normally  considered  accept¬ 

able  does  not  in  general  nave  a  significant  effect,  although  once  again  it  can  cause  a 
shift  in  the  optimum  configurations,  particularly  at  the  lowest  frequency. 

3.1.5  Effect  of  side  force  derivatives 

The  values  of  the  fide  force  derivatives  car.  act  as  a  constraint  at  the  lower  fre¬ 
quencies  with  large  §,ydlj|'ld  because  of  the  large  phase  shifts  in  /£  needed  to  satisfy 
the  side  force  equationain  the  oscillatory  mode  as  the  §  $  term  increases  in  significance. 
If  the  side  force  derivatives  could  be  varied  to  minimise  this  requirement,  the  secondary 
effects  due  to  unnaturally  large  yawing  moment  derivatives  would  be  reduced. 
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3.2.0  Primary  effects  of  modal  paramaters  on  handling  qualities 

Having  discussed  at  some  length  the  secondary  effects  on  handling  qualities  caused 
by  the  above  constraints  the  primary  effects  will  now  be  summarised. 

3.2.1  Effect  of  frequency  and  damping  ratio 

(a)  Low  if Id-  At  u,j  =  1.0  rad/sec, the  oscillatory  characteristics  were  apparent,  to 
the  pilot  as  such  and  his  ratings  of  the  configurations  improved  with  increases  in 
damping  ratio. 

As  the  frequency  was  decreased,  however,  the  period  became  so  long  that  the  only 
open  loop  characteristics  of  the  oscillation  observed  by  the  pilot  were  the  initial 
responses  to  various  inputs.  These  responses  would  in  general  result  in  such  large 
angular  or  lateral  displacements  that  the  pilot  often  felt  that  he  was  being  required  to 
control  a  static  divergence.  Tris  factor  was  made  worse  by  the  fact  that  for  the  low 
stiffnesses  associated  with  low  frequencies,  the  rudder  control,  rather  than  being  an 
angular  displacement  control  for  8  became  a  rate  control  during  the  time  scales  of 
interest.  This  meant  that  the  rudder  had  to  be  pulsed  to  correct  sideslip  excursions  and 
any  residual  out-of-trim  on  rudder  resulted  in  rapid  increases  in  sideslip.  The  smaller 
the  requirement  for  using  rudder,  the  better  the  pilots  liked  the  configuration  and,  for 
this  reason,  optimum  ratings  were  obtained  whenever  Np  and  Ng  were  smaU.  This 

secondary  factor  was  of  greater  significance  than  whether  the  zeros  of  the  x|j(S)  transfer 
function  coincided  with  the  poles  or  whether  the  damping  ratio  was  increasecL 


The  general  characteristic  of  these  low  frequency  configurations  was  thus  one  of  she 
low  stiffness  in  <j>,  8,  and  ^  which  required  constant  attention.  The  undesired  responses 
to  any  corrective  movements  of  the  controls  aggravated  the  problem. 

As  the  zeros  of  the  j|j(S)  transfer  function  were  moved  from  the  poles  the  secondary 
effects  due  to  the  large  changes  required  in  yawing  moment  derivatives  proved  to  have  a 
greater  influence  on  handling  qualities  than  effects  that  can  be  attributed  primarily  to 
the  relative  location  of  the  zeros  to  the  poles.  Indeed  the  crosscoupling  derivatives 
could  be  so  large  that  it  was  possible  to  initiate  sustained  PIO’s  when  attempts  were 
made  to  follow  a  track  with  aileron  alone,  even  when  dealing  with  these  low  character¬ 
istic  frequencies  (Fig.  5). 

3.2.2  Effect  of  increasing  |^-|d 

One  of  the  major  effects  of  increasing  was  the  primary  one  due  to  increases  in 

Lg  in  the  rolling  moment  equation.  This  caused  problems  associated  with  the  maximum 
aileron  control  power  and,  in  general,  the  large  rolling  disturbances  caused  by  the 
crosscoupling  inputs  from  the  yawing  moment  and  side  force  equations  dominated  handling 
qualities.  The  effects  originating  from  high  values  of  ^  Evjjjjrl,}  described  earlier, 
aggravated  the  situation,  mainly  through  the  large  changes  In  the  relationship  re¬ 
quired  to  satisfy  the  oscillatory  mode  constraints.  As  frequency  was  reduced  for  the 
high  IjIj  ratios,  the  Increasing  time,  associated  with  the  longer  periods,  and  the  pro¬ 
portionally  greater  roll  control  power  available  to  counter  the  strong  Lg  effects 
(Lg  =  ^Rlgid“d^  provided  some  relief  to  the  situation. 

H.O  CONCLUDING  REMARKS 

During  the  course  of  investigating  the  principal  effects  of  low  frequency  dutch  roll 
modes  at  a  low  speed  it  was  found  that  the  open  loop  characteristics  changed  from  the 
conventional  lateral  directional  oscillation  in  which  it  could  be  assumed  that  to  a  close 
approximation  flu  =  -1>  to  one  in  which  the  weight  component  along  the  y  axis  exerted 
considerable  influence  on  the  sideslip  generated  in  this  mode.  This  results  in  the 
necessity  for  the  vector  relationship  between  r  and  8  to  be  changed  ani,  if  this  is 
accomplished  by  changes  in  the  moment  derivatives,  secondary  effects  are  imposed  on  the 
handling  qualities  which  are  often  of  greater  significance  than  the  primary  effect  being 
investigated.  When  this  occurs,  the  group  of  derivatives  required  to  obtain  the  chosen 
modal  parameters  is  unnatural  when  referred  to  the  desired  dutch  roll  mode  and  handling- 
qualities  criteria  based  on  the  results  obtained  with  these  derivatives  can  be  misleading. 

It  is  found  that  vector  polygons  representing  each  of  the  degrees  of  freedom  provide 
good  indicators  of  when  secondary  effects  can  be  expected  to  exert  considerable  influence 
on  the  handling  qualities  of  the  configurations  because  of  their  ability  to  provide  suit¬ 
able  scaling  for  the  various  components  of  the  characteristic  mode.  They  do  net,  however, 
provide  direct  information  about  the  time  scales  involved  nor  about  the  effects  of 
numerators  on  the  mode  and  these  must  ultimately  be  obtained  from  consideration  of  the 
appropriate  transfer  functions. 
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The  relationship  between  the  $  and  8  vectors  and  Its  effect  on  the 
oscillatory  mode  through  the  weight  component  acting  along  the  y-axls 


For  configurations  with  conventional  modal  characteristics  and  with  Ag  close  to 
zero,  the  relationship  between  $  and  0  obtained  from  the  equations  of  motion  may  be 
approximated  as: 


I «) 


-»6S  *  Vi 


The  phase  relationship  between  $  and  0  In  the  oscillatory  mode  is  thus  established  to  a 
large  extent  by  the  location  of  the  complex  roots  relative  to  the  root  of  Eq.  A.l,  i.e., 

by  the  magnitude  of  the  ratio  :  1.  Aircraft  possessing  high  Dutch  roll  frequencies, 

high  rolling  inertias  and/or  low  roll  damping  are  characterised  by  <1.  In  the 

limit  0  one  may  write  Eq.  A.l  as 

il  =  _  h. 


It  is  seen  that  for  this  case,  positive  dihedral  and  weathercock  stability  cause  $  and  0 

XtsO 

to  be  in  phase  in  the  oscillatory  mode.  At  the  other  extreme,  namely  that  of  -«j  »  1, 

one  finds  aircraft  characterised  by  low  natural  frequencies,  low  rolling  inertias  and/or 

high  roll  damping.  In  the  limiting  case  of  -{}■■ B  •*  »  one  may  write: 

"0 

t  ^  =  »  A*3 

B  ARUd 

and  it  is  seen  that  at  the  characteristic  frequency,  $  laads  0  by  (90°+e,^  where 
ea  =  tan-’;d. 

The  configurations  of  this  investigation  were  of  the  type  well  approximated  by  Eq. 

A. 3  and,  as  a  result,  the  p  and  0  vectors  in  the  oscillatory  mode  remained  essentially 
in  antiphase  for  a  wide  range  of  derivatives. 

The  influence  of  the  constraint  ingjosed  in  Eq.  A. 3  on  the  overall  oscillatory  mode 
becomes  apparent  from  a  stud'*  of  the  side  force  equation  which  may  be  approximated  as: 

y 

6  =  -  r  +  !*♦  +  -^~0  A. 4 

The  relationship  between  the  vectors  $,  r,  0  and  0  does  net  change  for  a  given  open- 
loop  oscillatory  mode  and  when  the  terms  in  Eq.  A.t  are  rewritten  relative  to  the  5  vector 
for  this  mode,  one  obtains: 

£=_£  +  £!  +  !i.£ 

0  0  U0  U  0 

= "  lfld  ow(4ld)  +  u*4ield  C0S(4d '  (9C+ed))  +  Traill  cos(-(90+ed>)  A-5 

The  constraint  imposed  in  Eq.  A. 3  is  such  that: 

cos(/f|d  “  (90+ed>)  =  1  A. 6 

From  Eqc .  A. 5  and  A. 6  it  may  be  seen  that  the  importance  of  the  weight  component  acting 
along  the  y-axis  in  establishing  the  oscillatory  mode  in  sideslip  increases 

with  the  ratio,  :  1,  and  that  the  main  contribution  of  this  term  is  to  the 

stiffness  of  the  mode. 
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USAS  DISCUSSION 


Robert  J>  Woodcock 

Air  Force  Flight  Dynamic!  Laboratory 
Vright-Patt*r*cn  Air  Force  Eua,  Ohio  45433 
USA 


It  turns  out  that  we  sponsored  the  work  upon  which  Doetsch  based  this  paper,  with  Cornell  Aeronauti¬ 
cal  Laboratory  as  intermediary.  In  this  circumstance  I  could  either  maintain  that  we've  already  accepted 
the  research  so  it  oust  be  gooii,  or  cry  gee,  nov  he  cells  us  there's  something  the  matter  with  it.  These 
approaches  ate  inappropriate,  10  I'll  try  to  avoid  both  of  them. 


The  flight  program,  reported  in  AFFDL  TR-69-41  by  Doetsch,  Could  and  McGregor,  was  quite  helpful  in 
drafting  the  MIL-F-8330C  requirements  for  later il-directional  dynamics.  In  drafting  these  criteria  CAL 
relied  heavily  upon  the  NRC  di'ta  to  fill  in  at  low  spe'  •,  tying  in  other  results  of  investigations  at 
higher  speeds.  He  feel  there  is  application  to  conven- 4  .mal  airplanes  too. 


The  NRC  data  were  directly  responsible  for  adding  a  requirement  on  liB/bjJ*  |4/2  jd  to  supplement  the 
roll-sideslip  coupling  requirements  on  posc/pav  and  -  Sideslip  oscillations  had  been  thought 

to  be  critical  only  at  lew  J$,‘g|d,  but  they  were  found  to  be  the  determining  factor  also  in  some  cases  of 
higher  !$/s|d. 


It's  important  to  distinguish  between  modal  parameters  and  input-dependent  parameters.  Especially 
with  lateral-directional  dynamics  which  have  so  many  variables  to  be  considered  simultaneously,  1  some¬ 
times  tend  to  get  confused.  Parameters  like  Cd,  j$/3|d  and  $p/B|d  or  of  the  specification  are 

characteristic  of  the  mode,  however  it  is  pxcited.  Others  ao  depend  very  much  on  the  input  -  its  form 
and  cross-coupling;  these  include  r  p0SC/Pav  ant*  for  example  to  describe  the  amount  of  Dutch 

roll  excited  while  attempting  to  roll.  9 Confusion  can  come  because  large  j$/Bjd  is  conducive  to  large 
Dutch  roll  motion  in  response  to  rolling  commands,  but  the  relative  amount  still  depends  upon  control 
cross-coupling,  Nja/Lja.  In  root  locus  terms,  the  pole  is  modal  and  the  zero  input-dependent.  Unless 
the  pole  and  zero  are  separated  they  will  cancel  each  other. 


NRC  used  a  digital  computer  program  to  determine  how  to  vary  their  helicopter’s  stability  derivatives 
in  order  to  get  specified  combinations  of  |t/8jd,  ad,  and  u.  while  keeping  the  roll  and  spiral  time 
constants  invariant.  As  it  turned  out,  tc  vary  |$/?jd  they  altered  the  derivatives  L,,  L  ,  N„  and  Nr. 


constants  invariant.  As  it  turned  out,  tc  vary  | $/p|d  they  altered  the  derivatives  Lg,  Lr,  Ng  and  Nr. 
There  are  two  possible  problems  with  this  approach.  First,  by  varying  so  cany  derivatives  at  one  time 
one  has  no  insight  on  the  effects  of  individual  derivatives.  Then,  with  so  many  lateral-directional 
parameters  that  need  to  be  considered  together,  holding  this  one  group  tightly  may  cause  a  bulge  in  some 
ether  response  parameter.  The  time-vector  method  is  a  good  tool  with  which  to  Investigate  these  matters 
It  might  be  quite  helpful  in  trying  to  decipher  pilot's  comments. 


The  argument  about  the  increased  influence  of  the  gravity  vector  as  |  ip/B |  j/“d  increases  is  so  con¬ 
vincing,  though,  that  Doetsch  seems  to  describe  what  it  takes  to  achieve  these  combinations  of  parameters 
then  any  unrealism  nay  be  because  of  the  impracticality  of  achieving  certain  parameter  combinations  as 
indicated  by  the  oddity  of  the  derivatives  necessary.  But  then,  the  V/STOL  flight  regime  abounds  with 
vehicles  of  unusual  appearance. 


It  is  interesting  to  see  what  others  have  made  of  the  data  of  AFFDL  TR-69-41.  The  requirements  of 
MIL-F-83300  have  already  been  mentioned.  The  Background  Information  and  User  Guide  for  MIL-F-83300, 

AF^UL  TR-70-88  shown  by  Westbrook  yesterday,  discusses  at  some  length  to  the  effect  that  Dutch  roll  ex¬ 
citation  is  a  minimum  when  Nda/L-a  ■  (tlp-g/V0)L  .  In  an  August  1971  report  by  STI  for  Naval  Air  Systems 
Command  Stapleford,  McRuer,  et  al  set  out  to  show  how  to  outsmart  MIL-F-8785B  -  to  find  unacceptable  air¬ 
planes  the  specification  would  allow  and  aiso  to  find  acceptable  but  unallowable  configurations.  Examin¬ 
ing  the  same  basic  NRC  data,  they  suggest  that  rather  than  sideslip,  the  requirements  should  be  related  to 
heading  change.  This,  they  feel,  would  relate  more  directly  to  the  pilot's  task  and  thus  tend  to  correlate 
the  data  better.  N_  can  be  an  important  contributor  to  the  relationship  between  the  heading  and  sideslip 


the  data  better.  Np  can  be  an  important  contributor  to  the  relationship  between  the  heading  and  sideslip 
vectors.  Thus  it  seems  thtt  both  the  CAL  and  STI  analyses  fit  in  with  Doetsch's  observation  about  the 


importance  of  changes  in  the  heading  vector. 


The  present  complicated  requirements  reflect  the  complicated  picture  we  nave  of  roll-sideslip  coup¬ 
ling.  Any  attempt  cither  to  refine  the  requirements  or  to  apply  them  to  a  specific  case  needs  insight 
from  all  possible  sources.  I  thank  Dr.  Doetsch  for  providing  some  of  this. 


.~A*> 


OPEN  DISCUSSION 


I.L.  Ashkenas,  Systems  Technology,  Inc.,  USA 

As  Nr.  Woodcock  mentioned,  we  at  STI  have  continued  to  look  at  heading  control  per  se 
rather  than  at  possible  secondary  responses.  Our  presently-favored  concept  is  to  identify  the  rudder 
activity  required  to  coordinate  the  turn.  We  do  this  with  two  parameters,  one  characterizing  the 
rudder  dynamic  sequencing  to  a  step  aileron  input;  the  other  the  rudder  magnitude.  The  actual  para¬ 
meters  used  involve:  for  sequencing,  the  ratio  of  the  domain  first-order  numerator  and  denominator 
time  constants  in  the  aileron  to  rudder  cross-feed  dynamics  (e.g.,  lag/lead)  required  to  make  sideslip 
Identically  zero;  for  rudder  magnitude,  the  ratio  N<j  /L*  ud  .  Using  these  coordinates,  we  have  been 
able  to  obtain  consistent  iso-opinion  contours  for  sllected  data  from  Princeton,  CAL,  NP/  and  our 
own  recent  moving  simulator  tests  at  NASA  Ames.  1  should  point  out  that  the  data  used  u:e  in  all 
•  cases  those  where  gust  sensitivity  and  response  (e.g.,  due  to  high  LgBg)  was  not  an  i«  ■!',  consistent 
with  the  desire  to  characterize  only  the  heading  control  problem. 

Sqn  Ldr  D.C.  Scouller,  RAF/EIFS,  UK 

Referring  to  the  trace  of  the  unstable  snaking  oscillation,  were  the  rudders  fixed  or  free? 


In  that  case,  I  feel  that  the  experiment  should  also  consider  the  control  free  case,  since 
control  float  can  be  significant  at  low  speeds  anl  could  be  designed  to  be  favorable. 

K.H.  Doetsch,  NRC/NAE,  Canada 

The  rudders  were  fixed.  I  would  agree  with  you  on  the  designing  of  float  characteristics  but  it 
would  depend  on  the  particular  task. 

J.  Buhrman,  NLR,  Netherlands 

Have  the  vector  diagrams  (as  shown  in  fig.  3)  been  derived  from  the  tests  with  the  variable 
stability  aircraft  in  flight? 

K. H.  Doetsch,  NP.C/NAE,  Canada 

No,  they  have  been  calculated  for  illustrative  purposes. 


PILOT  VEHICLE  ANALYSIS 
R.J.A.W.  Hosman 

Delft  University  of  Technology 
Delft  -  The  Netherlands 


SUMMARY 

In  this  paper  an  experiment  Is  described  In  which  measurements  were  per¬ 
formed  on  human  operators  In  single  axis  tracking  tasks. 

The  controlled  element  used  was  a  simulated  transport  aircraft,  the 
angle  of  pitch  was  controlled  by  the  huran  operator.  The  forcing  function  was 
a  gust  signal  acting  on  the  simulated  aircraft.  The  aircraft  was  simulated  at 
three  centre  of  gravity  positions  at  which  it  was  stable,  neutral  and  unstable 
respectively.  During  the  test  runs  the  human  operators  had  to  perform  simul¬ 
taneously  an  auditory  additional  task. 

On  the  basis  of  the  results  obtained  from  this  experiment  a  new  sampled 
data  pilot  model  will  bo  briefly  discussed. 


1.  Introduction. 


For  several  years  the  Department  of  Aeronautical  Engineering  of  the  Delft  University  of  Technology 
has  been  investigating  the  behaviour  of  the  human  pilot  in  aircraft  control  tasks.  The  purpose  of  the  pro¬ 
gramme  is  to  contribute  to  the  research  aimed  at  finding  criteria  for  desirable  handling  qualities  of  air¬ 
craft. 

The  research  programme  can  be  divided  into  two  main  psrts  : 

1.  Measuring  the  pilot's  behaviour  in  representative  control  tasks  to  extend  the  quantitative 
knowledge  of  the  pilot's  behaviour. 

2.  Development  of  a  sampling  mathematical  pilot  model  having  some  novel  features. 

This  paper  describes  in  the  first  place  a  series  of  measurements  which  were  performed  on  a  single 
axis  tracking  task.  Special  attention  was  given  to  the  problem  of  making  this  task  similar  to  the  control 
task  of  the  pilot  in  an  aircraft. 

Some  results  of  these  tests  are  presented.  Thereafter  some  details  of  the  pilot  model  are  discussed. 

In  order  to  describe  the  test  the  pilot's  task  car.  be  divided  very  roughly  into  two  main  parts  s 

1.  Control,  by  which  is  meant  in  this  connection  the  task  of  manipulating  the  cockpit  controls. 

2.  Flight  management,  which  is  meant  to  conprlse  the  various  remaining  tasks  the  pilot  has  to  per¬ 
form  for  a  safe  conduct  of  flight. 

The  first  of  these  two  parts  presents  to  the  pilot  both  a  mental  and  a  physical  load,  while  the  second 
part  presents  to  the  pilot  mainly  a  mental  load.  Both  parts  have  to  be  performed  simultaneously. 

The  mental  load  of  the  pilot  can  be  described  in  terms  of  information  processing  as  bas  been  done  e.g. 
in  Refs.  1  and  2.  A  highly  simplified  schematic  indication  of  the  information  processing  performed  by  the 
pilot  is  given  in  Fig.  1.  The  pilot  model  described  In  Section  5  of  this  paper  is  partly  based  on  this 
concept. 

A  central  question  in  this  context  is  whetbor  the  human  nervous  system  can  deal  with  more  than  one 
source  of  information  at  the  same  *ime.  In  Refs.  3  and  4  reviews  have  been  given  of  research  results  on 
this  matter.  From  these  reviews  it  can  be  concluded  that  the  human  nervous  system  acts  mainly  as  a  single 
channel  processor.  This  holds  particularly  for  the  decision  element  indicated  in  Fig.  1. 

Accepting  this  fact  leads  to  the  conclusion  that  the  pilot,  when  controlling  an  aircraft,  bas  to  de¬ 
vote  his  attention  sequentially  to  the  different  parts  of  his  task.  In  order  to  study  the  effect  of  this 
attention  sharing  in  the  experiments  described  in  this  paper  an  additional  task  presenting  as  nearly  as 
possible  a  pure  mental  load  was  given  to  the  subjects  when  performing  the  single  axis  tracking  task. 

The  controlled  element  in  the  tests  wa;,  a  simulated  transport  aircraft.  The  aircraft's  angle  of  pitch 
O  was  presented  to  the  subject  through  an  artificial  horizon  indicator.  0  was  controlled  by  changing  the 
stick  position  se  of  a  side-arm  controller.  To  study  the  behaviour  of  the  human  operator  the  angles  ©  and 
were  recorded. 

To  obtalr  data  about  the  human  operator's  behaviour  in  tracking  tasks  with  different  mental  load  levels, 
the  characteristics  of  the  controlled  element  as  well  as  those  of  the  additional  task  were  varied  during 
the  experiments. 

The  mental  load  imposed  on  the  pilot  when  controlling  the  aircraft  in  the  tracking  task  strongly  de¬ 
pends  on  the  stability  characteristics  of  the  aircraft.  Therefore,  the  aircraft  was  simulated  at  three 
different  centre  of  gravity  positions.  The  aircraft  at  these  three  c.g.  positions  was  stable,  neutral  and 
unstable  respectively. 

The  additional  mental  task  was  an  auditory  binary  choice  tusk. 

Details  of  this  task  will  be  given  in  Section  2. 

In  Section  2  of  this  paper  the  experiments  are  described.  The  data  analysis  if  discussed  in  Section  3. 
In  Section  4  the  results  obtained  so  far  will  be  given.  Finally,  in  Section  5,  a  discussion  of  the  new 
pilot  model  will  be  given  and  some  conclusions  will  be  drawn. 

2,  Experimental  setup. 


A  diagram  of  the  closed  loop  in  which  the  subjects  performed  the  tracking  task  is  presented  in  Fig.  2. 
The  simulated  aircraft  used  as  the  controlled  element  was  a  piston  engined  transport  aircraft  in  the  cruise 
configuration.  Data  of  the  aircraft  at  the  three  c.g.  positions  are  given  in  Table  1. 

The  forcing  function  used  consisted  of  two  simultaneously  acting  gust  signals.  These  gust  signals 
were  obtained  by  filtering  white  noise  from  a  digital  noise  generator  with  two  separate  filters  :  one  for 
the  horizontal  component  of  the  gust  velocity  ug  and  one  for  the  vertical  component  wg.  In  Table  2  the 
transfer  functions  of  the  gust  filters  are  given. 


The  two  gust  signals,  derived  from  s  single  noise  generator!  were  correlated.  Since,  however,  9  was 

the  only  variable  presented  to  the  subject  the  correlation  should  not  Influence  the  test  results.  Because 

a  digital  noise  generator  was  used,  the  Identical  gust  signal  was  obtained  during  every  test  run.  The  test 
run  each  lasted  2S4  seconds.  The  test  subjects  stated  that  they  were  not  able  to  memorise  any  part  or 
sequence  of  the  forcing  function  even  after  aany  practice  runs. 

The  gust  signals  as  a  forcing  function  differ  aoiMwhat  froa  the  widely  used  S.T.I.  forcing  function 
as  described  e.g.  In  Ref.  S.  The  latter  forcing  function  consists  of  the  sua  of  ten  sine  waves  with  fixed 
amplitudes  and  random  phases.  The  spectrum  of  the  angle  of  pitch  due  to  the  gust  signals  0,  shown  in  Fig. 3, 
is  continuous  rathur  than  deucrete  like  the  spectrum  of  the  S.T.I.  forcing  function.  The  gust  spectra  do 
not  have  the  high  frequency  sholf  which  Is  a  feature  of  the  S.T.I.  for sing  function. 

The  angle  of  pitch  0  was  presented  to  the  subjects  by  a  servo-driven  artificial  horlson  Indicator. 

A  change  In  6  of  one  deg  res  gave  a  displacement  of  the  horlson  dstuallne  relative  to  the  fixed  image  of 
0,9  mm.  The  measured  transfer! unction  of  this  Instrument  has  been  given  in  Fig .4. 

The  manipulator  used  for  the  experiments  wss  a  side-arm  controller  mounted  on  the  rlghthand  armreit 
of  the  subject's  chair,  see  Fig. 5.  Some  characteristics  of  the  controller  are  given  in  Fig. 6. 

A  side-arm  controller  was  used  Instead  of  a  conventional  control-wheel  to  obtain  results  which  were 
comparable  in  this  respect  with  the  results  of  other  tracking  experiments  e.g.  described  In  Refs .3  and  f  . 

In  addition,  by  using  the  side-arm  controller  the  subject's  left  hand  was  completely  available  for 
answering  th$  additional  task. 

The  position  of  the  subject  relative  to  the  artificial  horlson  and  side-arm  controller  Is  given  in 
Fig. 7. 

The  additional  task  used  In  the  tests  was  an  auditory  binary  choloe  task.  In  this  task  high  and  low 
tones  are  prevented  In  random  order  to  the  subject  vis  his  hsadset.  The  subject  has  to  answer  the  tones 
by  correctly  pushing  either  of  two  buttons.  Tha  lattsr  ware  mounted  on  the  lefthand  armrest  of  the  subject's 
chair.  Since  the  subjects  used  their  right  hand  to  control  the  angle  of  pitch  9  and  their  left  hand  to 
answer  the  additional  task,  Interaction  between  the  two  tasks  was  alamlnated  as  much  as  possible. 

The  number  of  tones  per  minute  presented  to  the  subjects  was  adjustable.  Tha  number  waa  chosen  as  a 
percentage  of  the  maximum  which  the  subject  was  Individually  able  to  answer  making  not  more  than  one  error 
por  minute.  Maxima  between  75  and  100  tones  per  minute  were  obtained  depending  on  the  subject.  During  the 
experiments  0°/o,  40°/o  and  80°/ o  of  the  maximum  number  were  presented  to  the  subjects . 

The  auditory  binary  choice  task  and  the  use  of  this  task  as  an  additional  task  in  experiments  was 
derived  from  Ref.  4.  In  Ref.  3  an  experiment  Is  described  in  which  the  same  binary  choice  tack  was  used. 

Three  subjects  were  available  for  the  experiments.  Thay  were  pilots  with  experience  in  general  avia¬ 
tion  aircraft  varying  between  700  and  800  hours.  Training  In  tha  tracking  control  task  was  performed  over 
a  rather  long  period  and  waa  continued  till  the  performance  In  tho  different  tasks  had  stab? ’  i.ed  at  con¬ 
stant  lovols.  The  subjects  were  Instructed  to  divide  their  attention  between  the  tracking-  and  ti<  i  addi¬ 
tional  task  in  such  a  way  that  tha  total  number  of  errors  in  the  additional  task  mads  during  one  tost  run 
was  let  '  then  the  rather  arbitrary  chosen  number  of  eight, 

T.\o  experimental  variables  Investigated  were  the  centre  of  gravity  position,  l.e.  tho  stability  of 
the  air* "aft,  and  the  level  of  tho  additional  task.  There  were  three  o.g.  positions,  three  levels  t>C  thfr 
additional  taak  and  three  subjects.  This  yielded  a  three  way  (3x3x3)  factorial  design.  Five  data  runs  wore 
recorded  of  each  combination,  resulting  In  a  total  number  of  135  data  runs. 

As  described  In  the  following  Section,  when  estimating  the  human  operator  describing  function,  problems 
are  encountered  concerning  the  accuracy  of  the  estlsuitlon  process.  Therefore,  some  additional  measurements 
wore  performed  on  analog  pilot  models  in  open-  and  olossd  loep  situations.  Three  different  analog  pilots 
were  used.  They  were  based  on  preliminary  results  obtained  from  data  runs  of  subjects  controlling  the  air¬ 
craft  at  the  three  e.g.  positions.  The  open-  end  closed  loops  used  are  shown  in  rig.  8  ,  The  remnant 
signals  added  to  the  model  output  In  the  olosed  loep  case  had  tho  same  speotra  as  the  measured  remnant  in 
the  data  runs  from  which  the  analog  models  were  obtained.  The  aim  of  tho  measurements  on  the  analog  modols 
was  to  study  the  accuracy  of  the  estimated  describing  functions, 

A  digital  recording  system  was  available  for  the  tests.  The  angle  of  pitch  9  and  the  stick  position 
s0  were  each  measured  twenty  tines  per  second.  The  recording  of  9  and  se  started  30  seconds  after  the  be¬ 
ginning  of  tho  test  run  and  lasted  for  210  soconda. 


Analysis . 

The  results  obtained  from  each  data  run  were  ; 

1. 


2  2 

The  variances  o_  and  0, 
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2.  Tho  power  spectra  R  (cu)  and  f0R  (a>) 
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3.  The  correlation  functions  Cw(t),  C^t)  *nd  ce&  ^ 


4.  The  estimate  of  the  pilot  describing  function 
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tho  pilot  remnant  power  spectrum  $nn(tu) , 


the  coherence  factor 
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The  coefficients  K,  x^,  x2  and  x^  of  a  fitted  pi) -it  model 
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This  model  Is  based  on  Ref  .5.  A  first  cider  Pade  approximation  was  used  Instead  of  the  factor  e  repre¬ 

senting  a  pure  time  delay  in  the  original  model  due  to  the  reaction  time  of  the  pilot.  The  model  was  fitted 
by  means  of  a  least  squares  method.  To  determine  the  power  spectra  and  the  correlation  functions  use  was 
made  of  the  Fast  Fourier  Transform  as  described  In  Ref.?. 

When  estimating  the  describing  function  8_  of- the  pilot  the  following  problem  was  met. 

At  low  frequencies  (u><0.5  rad/sec)  large  phase  lags  were  obtained  from  the  test  data.  It  iras  not  quite 
clear  whether  the  subjects  were  the  only  source  of  these  phase  lags.  Similar  phase  lags  ha're  been  obserx  id 
by  Elklnd  and  McRuer  as  described  in  Ref.S.  In  Ref .8,  however,  Taylor  mention*-*  that  unfavourable  forcing 
function  to  remnant  ratio's  can  Influence  the  estimate  of  the  human  operator  :  escribing  function.  It  was 
shown  In  Ref .8  that  : 
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for  the  tracking  experiment  described  in  that  Reference.  In  this  expression  F  (Jen)  and  F^fjco)  are  the 
Fourier  transforms  of  the  remnant  and  the  forcing  function  respectively. 

If  F  (Jo))  5S>F  (Jen)  this  relation  changes  to  : 


Hp(j<») 


Ha(ju» 


When  fitting  the  model  to  the  estimated  describing  function  H„(uv  ;  the  uncertainty  in  Hp(u>)  due  to  the 
effect  Just  mentioned  bus  to  be  taken  into  account.  This  can  be  done  by  using  a  weighting  function  the 
magnitude  of  which  depr-^c  on  the  remnant  power  spectrum.  The  choice  of  the  weighting  function  is  discus¬ 
sed  in  the  next  Section.  2 

The  expression  for  the  coherence  factor  p  (u>)  as  given  in  Eq.(2)  can  also  be  written  as 


P  <«o)  =  1 


#nn(t0) 


and  the  coherence  factor  can  be  interpretec.  as  a  measure  of  the  linearity  of  the  pilot's  behaviour  at  the 
particular  frequency  concerned. 

4.  Results. 


Although  the  measurements  were  not  completely  analyzed  when  preparing  this  paper,  it  is  well  possible 
to  oresent  significant  results  obtained  so  far.  As  previously  indicated,  the  experiments  differed  somewhat 
from  r.imular  experiments  in  single  axis  tracking  tasks  as  described  e.g.  in  Refs.  5  and  6.  Differences  can 
be  noted  in  the  forcing  function,  the  controlled  element  and  in  the  application  of  an  additional  mental 
task. 

Due  to  the  use  of  the  equations  of  motion  of  a  transport  aircraft  and  of  an  actual  servo  driven  hori¬ 
zon  instrument  the  bandwidth  of  the  error  signal  presented  to  the  subjects  was  limited  to  about  2  rad/sec. 
The  standard  deviations  of  9  varied  between  0.45  and  0.85  degrees.  This  corresponds  co  displacements  of 
the  horizon  datunline  of  0.4?  and  0.77  mm. 

In  the  experiments  described  in  Refs.  5  and  6  standard  deviations  of  the  error  signal  between  8  and 
10  mm  were  used.  It  is  considered  that  the  standard  deviations  of  9^  in  the  present  experiments  are  of  the 
same  order  as  occur  in  transport  aircraft  flying  in  moderate  turbulence. 

4.1.  Tests  with  analog  pilots. 

As  mentioned  in  Section  2  measurements  were  performed  on  analog  pilot  models  in  open-  and  closed  loop 
situations. 

The  estimated  describing  functions  of  the  analog  model  controlling  the  aircraft  at  the  stable  c.g. 
position  aro  given  in  Fig. 9.  In  Fig. 9a  the  describing  function  determined  from  measurements  in  the  open 
loop  is  given.  The  fitted  pilot's  model  had  very  nearly  the  sane  coefficients  as  the  simulated  model. 

In  Fig.  9b  the  estimate  of  the  describing  function  determined  from  measurements  in  the  closed  loop  is  given. 
As  shown  in  Fig.  8  remnant  was  added  in  this  case  to  the  analog  pilot's  output  during  the  test  runs. 

^  The  differences  between  Fig.  9a  and  9b  indicate  that  both  the  phase  angle  9  and  the  absolute  value 
of  H  are  influenced  at  the  low  frequencies  by  closing  *he  loop  and  adding  a  remnant  signal  to  the  analog 
model  output. 

In  Fig.  9c  the  coherence  factor  p  (co)  of  the  open-  and  closed  loop  cases  are  given.  In  the  closed  loop  case 
the  deviations  of  the  estimated  describing  function  Hp(cc)  from  the  describing  function  of  the  simulated 
analog  pilot  are  strongly  correlated  with  the  deviations  of  the  coherence  factor  p2(u>)  from  the  values  ob¬ 
tained  with  the  purely  linear  analog  pilot  in  the  open  loop  case.  Therefore  the  coherence  factor  p2( uj)_jras 
used  as  a  weighting  function  when  fitting  the  mathematical  model  to  the  estimated  describing  function  Hp(co) . 
The  fitted  model  shown  in  Fig.  9b  was  obtained  in  that  way.  At  the  other  two  c.g.  positions  the  same  pro¬ 
cedure  was  followed. 
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4.2.  Tests  with  htman  pilots. 


4.2.1.  Performance. 


The  variance  of  8^  has  been  used  to  express  the  pilot's  performance  in  the  experiments.  In  Fig. 10 
the  mean  variance  of  ©a  of  all  the  replicates  and  the  subjects  is  shown  as  a  function  of  the  c.g.  position 
and  the  additional  task  level.  In  Table  3  the  mean  values  ol  the  replicates  are  given  as  functions  of  the 
c.g.  position,  the  additional  task  and  the  subjects.  The  variances  for  the  first  c.g.  position  are  hardly 
Influenced  at  all  by  the  additional  task.  Since  the  aircraft  is  stable  at  this  c.g.  position,  this  is  not 
surprising.  As  a  matter  of  fact  the  variance  of  8a,  the  elevator  angle  being  zero,  is  only  slightly  larger 
than  the  average  value  given  in  Table  3  :  o0  2(6o=0)  =  0.230. 

m 

The  performance  as  expressed  by  the  variance  of  6a  is,  however,  influenced  by  the  additional  task  for 
the  neutral  and  unstable  aircraft.  The  differences  between  the  subjects  are  relatively  small. 

In  Table  3  the  variance  of  &e  is  also  given. 

4.2.2.  Describing  functions. 

From  the  data  analyzed  so  far  the  mean  values  of  K,  t,  t2  and  of  the  fitted  human  operator 
model,  Eq.(3),  were  determined.  The  coefficients  are  given  in  Table  4  as  functions  of  the  c.g.  position 
and  the  additional  task  level.  The  time  lag  constant,  t^,  appears  to  generally  increase  with  Increase  of 
the  load  due  to  the  additional  task.  The  differences  between  the  subjects  were  not  systematic.  The  best  way 
to  look  at  the  other  coefficients  in  the  mathematical  model  seems  to  be  by  considering  the  crossover  fre¬ 
quency  (0^  and  phase  margin 

4.2.3.  Crossover  frequency  and  phase  margin. 

Using  the  provisional  results  of  the  fitted  model,  the  known  describing  functions  of  the  aircraft 
and  the  artificial  horizon  indicator,  the  crossover  frequency  a>c  as  well  as  the  phase  margin  q^  were  com¬ 
puted.  They  are  given  in  Table  5  as  functions  of  c.g.  position,  additional  task  level  and  test  subject. 

The  crossover  frequency  o>c  increases  and  the  phase  margin  q^  decreases  with  decreasing  stability  of  the 
aircraft. 

The  crossover  frequencies  without  the  additional  task,  averaged  over  the  thro  >  suojects  are  0.19, 

0.38  and  1.2  rad/sec  for  the  stable,  neutral  and  unstable  aircraft  respectively  and  the  phase  margin  q^ 
are  95,  89,  and  36  degrees. 

From  Table  5  a  decrease  of  %  with  increasing  additional  task  level  is  found.  It  is  considered  that 
this  decrease  is  caused  by  the  fact  that  the  pilot  was  forced  to  give  less  attention  to  the  control  task 
when  the  level  of  the  binary  choice  task  was  increased. 

The  values  of  the  crossover  frequencies  Just  mentioned  are  lower  then  those  found  in  the  tracking 
experiments  described  In  Kef .5  which  were  between  3  and  6  rad/sec. 

The  phase  margins  corresponding  to  the  stable  and  neutral  aircraft  are  larger  than  the  values  of  ap¬ 
proximately  40°  given  in  Ref .5.  The  origin  of  these  differences  have  to  be  found  in  tho  rather  different 
setup  of  the  two  experiments. 

4.2.4.  Perception  of  the  first  derivative  6  of  the  angle  of  pitch  8. 

In  Fig. 11  the  elevator  angle  6e  is  plotted  as  a  function  of  time  as  recorded  in  two  data  runs  cf 
one  subject  controlling  either  the  stable  or  the  unstable  aircraft.  It  can  be  seen  that  the  behaviour  of  the 
subject  in  these  two  cases  is  rather  different.  The  stable  aircraft  is  controlled  more  or  less  by  step 
inputs  while  the  unstable  aircraft  is  controlled  by  the  sum  of  step-  and  pulse  inpits. 

In  Fig. 12  describing  functions  of  one  subject  controlling  the  aircraft  at  the  three  c.g.  positions  are 
given.  From  these  Figures  it  can  in  seen  that  in  the  case  of  the  unstable  aircraft  the  pilot  is  forced  to 
act  as  a  differentiator,  i.e.  the  pilot  uses  the  first  derivative  6a  of  tho  angle  of  pitch  8a  to  determine 
his  output,  the  elevator  angle  6e. 

In  Ref.9  the  same  behaviour  of  human  operators  was  observed  when  contolllng  controlled  elements  having 
describing  functions  of  the  type  Hj  =  K/(Jto)2  and  Ha  =  K/(Jtc)2. 

From  the  above  data  the  assumption  senms  to  be  Justified  that  the  human  operator  is  able  to  perceive 
the  first  derivative  6a  of  8a  as  well  as  to  use  this  Information  to  improve  the  control.  Subject's  comments 
on  the  control  tasks  were  in  agreement  with  this  assumption. 

4.2.5.  The  coherence  factor. 

2 

In  Fig.  13  the  coherence  factors  p  (to)  corresponding  to  the  three  describing  functions  Bp(u>)  of 
Fig. 12  are  shown.  It  ap;  ears  from  this  Figure  that  the  coherence  factor  corresponding  to  the  stable  aircraft 
has  the  lowest  values,  while  p2(<o)  corresponding  to  the  unstable  aircraft  is  highest. 

From  these  data  it  seems  that  the  stable  aircraft  1-aaves  the  pilot  the  widest  choice  in  his  control 
actions,  resulting  in  the  least  linear  behaviour. 

5.  Discussions. 


As  stated  in  the  Introduction  the  aim  cf  the  present  investigation  on  the  behaviour  of  the  human  pilot 
is  to  find  criteria  for  desirable  handling  qualit.ves.  A  possible  aid  in  obtaining  such  criteria  may  be  a 
pilot  model  somewhat  more  refined  than  the  well  known  describing  function  of  Eq.(3).  It  is  considered  that 
some  or  all  of  the  following  characteristics  of  the  human  operator  could  possibly  be  implemented  in  a  model. 

1.  The  pilot  has  to  sample  the  instruments. 

2.  The  pilot  behaves  as  a  single  channel  inform*  . j;  processor  and  yet  has  to  perform 
different  tasks  simultaneously. 

3.  The  observations  of  the  instruments  and  the  perception  of  the  output  signal  have  a 
limited  accuracy. 

It  is  proposed  that  a  mathematical  model  simulating  the  above  characteristics  be  a  sampled  data  model 
quantifying  the  input  and/or  the  output  variables.  The  processes  of  sampling  and  quantification  can  be 
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shown  to  produce  a  remnant  signal  in  the  control  loop,  thereby  obviating  the  extraneous  remnant  signal 
required  In  the  usual  describing  function  model.  Details  on  the  quantification  process  will  be  given  later 
In  this  paper.  In  the  following  such  a  model  will  be  applied  to  the  control  of  the  aircraft’s  angle  of 
pitch  9. 

The  results  of  the  experiments  previously  described  Indicated  that  the  pilot  can  be  assumed  to  be  able 
to  observe  both  6  and  its  first  derivative  ft.  Accordingly!  the  sampling  pilot's  model  has  the  same  capabili¬ 
ty.  A  block  diagram  of  the  model  Is  shown  in  Fig. 14. 

In  addition  to  0  and  ft  the  elevator  angle  5e  is  fed  back,  because  the  pilot  senses  this  variable,  either 
through  the  control  force  he  exerts  or  through  the  control  position  he  notes  through  his  proprioceptive  cen¬ 
sors.  The  gain  of  the  three  feedback  variables  will  depend  on  the  characteristics  of  the  controlled  element. 

The  output  signal  of  the  model  is  assumed  to  consist  of  the  sum  of  Btep-  and  impulse  functions.  In 
Ref. 10  a  somewhat  similar  model  is  described  which  uses  triangular  pulse  functions  as  the  output  signal. 

In  the  present  model  the  magnitudes  of  the  steps  A(l)  and  impulses  B(l)  are  assumed  to  be  linear  functions 
of  the  sampled  and  quantified  variables  0(1),  6(1)  and  60(i)  at  time  t1.  Betreen  the  instant  of  sampling 
the  variables  and  the  start  of  response  to  the  observations,  a  time  delay  t  is  added.  This  time  delay  Is 
thought  to  be  equivalent  to  a  part  of  the  total  reaction  time  delay  2t^  in  Eq.(3). 

Therefore  ; 

+  c2<S(i)  +  c,6„(i>  (  7 


A(td  +  t)  =  c10(i) 


+  cS6e<i> 


) 


B(t,  +  -r)  =  C  0(i)  +  c  6(1)  +  c  8  (1) 
i  4  5  6  o 


(  8  ) 


The  steps  and  impulses  are  fed  to  a  second  order  system  which  simulates  the  pilot's  neuromuscular  sys- 
cem.  The  sum  of  the  step  and  impulse  responses  of  the  second  order  system  represents  the  change  in  elevator 
angle  due  to  the  observations  8,  ft  and  Se  at  time  tj,  the  most  recent  sampling  Instant. 

The  second  order  system  causes  an  other  part  of  the  total  time  delay  2T3  which  is  due  to  the  characte¬ 
ristics  of  the  neuromulscular  system. 

According  to  Ref .5  the  open  loop  characteristics  can  be  described  by  the  crossover  model  in  the  cross¬ 
over  frequency  region. 


H  H  (<o) 
p  a 


id  e 
c 


.to 


(  9  ) 


This  implies  that  the  closed  loop  behaves  approximately  as  a  first  order  system  in  the  crossover  region.  In 
accordance  with  these  observations  it  is  assrmed  that  the  human  operator  tries  to  return  the  perceived  error 

8  to  zero  according  to  the  tine  function  e  ”  .  -u>ct 

When  the  human  operator  tries  to  return  the  error  to  zero  according  to  the  exponential  function  e 
he  has  to  verify  this  return  by  sampling  the  error  signal  at  regular  Intervals  in  time.  The  sampling  fre¬ 


quency  may  well  be  expected  to  bo  closely  related  to  the  crossover  frequency  co_ 
Returning  now  to  the  sampled  data  pilot's  model,  the  coefficients  cj 


and  Impulse  magnitudes,  see  Eqs.  (7)  and  (8),  have  to  be  determined  such  that  the  error  6(t) 

-o>  t 

se  of  further  disturbances  -  actually  follows  the  time  functions  e  c  as  well  as  possible. 


:g  used  to  calculate  the  s  tep 
in  the  absen- 


The  quantification  process  will  now  be  further  discussed.  It  is  proposed  that  the  relevant  variables 
are  quantified  as  follows.  Assuming  that  the  variables  have  a  Gaussian  distribution,  it  is  possible  to 
divide  the  range  of  each  of  these  variables  in  n  intervals  of  equal  probability.  An  example  is  shown  in 
Fig. 15.  Each  Interval  has  a  mean  value  which  is  returned  to  l.'e  model  if  the  sampled  variable  is  within 
the  boundaries  of  that  interval.  In  Fig. 16  the  standard  deviation  of  the  relative  error,  introduced  by 
quantification  of  a  variable  as  a  function  of  the  nurber  of  Intervals  n,  is  given.  It  ;an  be  shown  that  the 
power  spectrum  of  this  error  is  approximately  white  end  the  power  Increases  with  decreasing  number  of  Inter¬ 
vals. 


The  importance  of  the  sampling  and  quantification  processess  in  the  model  may  be  evident  from  the  fol¬ 
lowing.  In  the  Introduction  of  this  paper  it  has  been  stated  that  the  pilot  has  a  limited  capacity  to  pro¬ 
cess  the  Information  derived  from  different  sources  when  controlling  the  aircraft.  The  suggestion  is  made 
here  that  the  mental  load  of  the  pilot  due  to  information  processing  might  be  related  to  the  sampling 
frequency  and  the  number  of  quantification  Intervals  in  the  sampling  pilot's  model,  needed  to  duplicate  in 
some  general  sense  the  pilot’s  behaviour.  Since  the  minimum  sample  frequency  and  the  minimum  number  of 
quantification  intervals,  necessary  to  obtain  adequate  control  of  the  aircraft  by  the  model,  are  determined 
by  the  characteristics  of  the  aircraft,  it  might  be  possible  to  study  the  mental  load  of  the  p'lot  in  terms 
of  information  processing  with  the  above  described  sampling  model. 
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The  above  reflections  on  a  mathematical  pilot’s  model  may  be  related  very  briefly  to  the  experiments 
described  in  this  paper.  If  the  assumption  that  the  crossover  frequency  u>c  is  related  t.o  the  required  sam¬ 
pling  frequency  is  correct,  than  the  expected  low  mental  load  of  the  pilot  controlling  the  stable  aircraJt 
in  the  experiments  is  in  accordance  with  the  low  value  of  the  crossover  frequency  shown  in  Section  4.2.3. 

The  lower  coherence  factor  exhibited  with  the  stable  aircraft,  see  Fig. 13,  indicating  less  linear 
behaviour  of  the  subjects  as  previously  discussed,  can  now  be  interpreted  as  the  result  of  a  coarser  quanti¬ 
fication  and  hence  a  lower  flow  of  information  than  is  required  with  the  neutral  or  unstable  aircraft. 

From  these  data  obtained  from  the  experiments,  an  Increase  of  mental  load  with  decreasing  stability  cf  the 
aircraft  can  be  made  plausible. 

It  will  bo  clear  that  sore  experiments  and  much  more  analysis  of  these  experiments  are  required  to  veri¬ 
fy  and  further  elaborate  upon  the  various  assumptions  made  in  setting  up  the  sampling  pilot’s  model. 

The  preliminary  results  briefly  discussed  in  the  foregoing  seem  to  justify  continued  efforts  in  this  direction. 
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Cotcluciins. 


From  the  results  of  the  experiments  described  in  this  paper  the  following  conclusions  can  be  drawn. 

The  variance  of  the  error  signal  9ffi  in  a  single-axis  tracking  task  generally  Increases  when  an  addi¬ 
tional  mental  task  is  given  to  the  human  operator  in  the  tracking  task.  The  influence  of  the  additio¬ 
nal  task  on  the  variance  of  8m  depends  on  the  characteristics  of  the  controlled  element. 

A  decrease  of  the  crossover  frequency  in^  is  found  as  a  result  of  the  additional  mental  task. 

A  sampled  data  model  described  in  this  paper  may  eventually  provide  the  possibility  to  study  the  mental 
load  of  the  pilot  in  terms  of  information  processing. 
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Tables. 


Table  1.  Data  of  the  simulated  aircraft. 


W  =  59000  kg 

S  =  153  m2 

V  =  145  m/sec 

CL  =  0.6 

1.  x  =  0.29  c 

c.g. 

8  (jin)  .  (1  +  1.49  ju>)(l  +  54.9  jto) 

rtjsr  =  -4-19 -  d - 


e(iu» 


ug(ju>) 


.14.8  -  £^.5.M 


8 (jin)  _  _  0  946  Jin(l  -  0.705  jin)  (1  -  80.1  jin) 


tfg(J<«) 


=  [l  + 


0.0475 

0.0743 


J<o  +  (; 


j03 


0.0743 


]{ 


1  *  2*  rifr ja>  ♦  * 


jz-A 

1.85  J 


P  =  34.6  sec 

Tj  =  196  sec 


P  =  4.7  sec 
Tj  =  0.55  sec 


-VA1  ^  a tZZzn 


«V»Tn>‘  ^S®*? 


2.  x  =  0.415  c 

c.B. 


6(jta)  .  „,  (1  +  1.45  JaiKl  +  55 .4  Ju>) 

irtjs)  =  ■ 5*  d 

eqa)  _  .  o  90  i£$L. 

g 

0(Ju>)  ,  juid  +  25.6  Jiu)(l  +  2.22  Jto) 

a  (Jco)  =  -  A'i'»  D 

g 

»  =  Ju>(l  +96.4  Jo))(l  +1.04  Jew)  Cl  +  0.665  j<u) 

Tj=66.7  sec  Tj=0.7  cec  Tj=0.46  sec 


<»(■)“>)-  _  5 
rtj®>  ~  *  * 


0.505  c 
-  5.97 


(1  +  1.43  jtu)(l  +  55.8  j(u) 
D 


6(Jo>)  . .  „  Ju)(l  +  0.227  j<u) 

.  .14.8  - :  D - 


ew_  _  12 

ajCjto) 


jtuq  +  108.9  jtu)(l  +  0.523  jm) 


D  =  (1  +  0.414  J£0)(1  -  6.17  .*•>)  jl  +  2.£ff§  jw  +  (• 


J2L.j2) 

).185'  \ 


Tj=0.29  sec  T2=4"3  sec 


P  =  40.4  3ec 
Tj  =  6.9  sec 


Table  2.  Gust  filters. 


u  (Jo>) 

5  —  K 

l(J<o)  “  *•.  * 


1  +  -$■ 


a  (Jo) 

°  -  K 

i(jo)  *2  * 


1  +  3  -f  JU) 

Lg  2 
a  +  -f  jo) 


l(jo)  =  white  noise  signal 

L  =  300  a 

g 

V  =  145  ra/sec 

The  gains  and  Kg  depend  on  the  scale  factors  in  the  analog  computer. 

uK(Jo)  x 

l(jo)  =  K1  '  X  +  2.07  JO 

ag(JtU)  _  K  _  1  +  3.58  JO 

i(JU>)  *  (1  +  2.07  JO)2 


Table  3.  The  average  value  of  the  variance  of  the 
angle  of  pitch  en  of  the  replicates,  in 
_ degrees  squared. _ 


Additional 
task  level 


Ilst.c.g.  2nd.c.g.  3rd.c.g. 

stable  neutral  j  unstable  j 

■  aircraft  aircraft  I  aircraft 


The  average  values  of  the  variance  of  the  elevator 
angle  5„  ol  the  replicates,  in  degrees  squared. 


Additional 
task  level 


lst.c.g. 

stable 

aircraft 

2nd.c.g. 

neutral 

aircraft 

3rd.c.g. 

unstable 

aircraft 

0.00602 

0.0134 

0.355 

0.0131 

0.0194 

0.218 

0.0140 

0.0202 

0.140 

0.00882 

0.0103 

0.256 

0.0112 

0.0189 

0.179 

0.0176 

0.0337 

0.147 

0.00666 

0.0141 

0.282 

0.0070 

0.0153 

0.197 

0.0845 

0.0212 

0.093 
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Table  4.  The  coefficients  K,  t, ,  t_  ami  T.  of  the  pilot  model 


H(ju))  =  K  . 


1  -  TgjCO  1  +  TjJU) 

1  +  Tgj®  *  1  +  T2JU> 


Additional 
task  level 


Coeff. 

lst.c.g. 

stable 

aircraft 

2nd.c.g. 

neutral 

aircraft 

3rd.c.g. 

unstable 

aircraft 

K 

0.113 

0.099 

0.200 

T1(sec) 

1.32 

1.94 

1.82 

t2(sec) 

0.41 

0.34 

0.23 

tgCsec) 

0.26 

0.28 

0.15 

K 

0.103 

0.085 

0.171 

t1(sec) 

5  .67 

2.34 

2.07 

t2(sec) 

0.41 
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Mr.  Hosman ' s  experiments  and  analyses  have  presented  us  with  a  number  of  interesting  observations  and 
conjectures  deserving  of  comment  and  comparison  with  other  results.  Of  course,  with  the  advantage  of  total 
hindsight  such  comments  can  be  quite  a  bit  more  perceptive  now  than  at  the  outset  of  the  experiments. 

Also,  the  fact  that  1  speak  from  the  vantage  point  of  the  relevant  collective  experience  of  our  group  at 
STI  gives  me  an  additional  advantage.  Under  these  circumstances,  it  may  be  difficult  to  avoid  what  sane 
of  you  may  consider  a  pedantic  tone.  Please  realise,  in  any  event,  that  my  purpose  is  to  convey,  to  those 
of  you  interested  in  the  field,  more  of  the  present  state  of  art  relative  to  Mr.  Hosman's  subject. 

In  reviewing  Mr.  Hosman's  paper  we  found  that  the  areas  deserving  comment  broke  down  into  four  major 
categories,  as  listed  below: 

1.  Pilot  measurement  "problems." 

2.  Interpreting  pilot/vehiele  results. 

3.  Secondary  cask  implications. 

k.  Sampled  data  models. 

I'll  discuss  these  various  categories  in  the  order  listed. 

PHOT  MEASUREMENT  PROBLEMS 

Mr.  Hosman's  Figure  9b  is  a  typical  example,  and  a  graphical  demonstration,  of  an  old  problem  in  pilot 
behavioral  measure  its.  It  shows  the  considerable  scatter  and  low  frequency  anomalies  in  the  describing 
function  measures:  r.*-  due  to  a  remnant-like  injected  noise;  and  it  also  illustrates  1  he  effectiveness  of 
the  weighting  procedure  used  by  Mr.  Hosman  to  obtain  somewhat  better  fits  to  the  date  in  the  presence  of 
this  noise.  Although  it  is  lot  clearly  described  in  the  text,  we  understand  that  the  model-data  matching 
errors  are  weighted  by  the  first- estimate  of  the  local  o  .  In  essence,  this  forces  the  model  to  fit  near 
the  crossover  region.  Of  course  the  real  impact  of  Fig.  9b  is  that  it  "explains,"  by  virtue  of  injected 
remnant  effects,  the  considerable  extra  phase  lag  in  the  low  frequency  region.  However,  in  certain  of  our 
experiments  we  have  often  found  such  low  frequency  lag  effects  to  be  real,  rather  than  noise- induced. 

On  the  other  hand,  as  I  have  previously  indicated,  we  have  had  similar  problems  with  low  frequency 
scatter  and  poor  signal  to  noise;  and,  in  fact,  such  problems  led  us  to  adopt  a  sum-of- sine-waves  input, 
as  mentioned  by  Mr.  Hosman.  We  have,  however,  made  some  fairly  recent  changes  to  the  spectral  form  which 
now  differs  from  that  shown  in  Fig.  3b  in  that  the  cut-off  corner  of  the  spectrum  is  attenuated  in  a  manner 
similar  to  Mr.  Hosman's  random  input,  except  that  our  high  frequency  "shelf"  is  still  retained  (Ref.  9). 

The  "rounded"  corner  is  considered  by  the  pilots  to  be  a  more  reasonable  kind  of  a  command  input,  than  the 
abrupt  cut-off,  for  use  in  real  airplane  simulations.  This  may  have  been  a  point  that  bothered  Mr.  Hosman, 
and  I  mention  it  because  in  our  experience  we  have  found  such  rounding  to  satisfy  pilot  requirements. 

The  use  of  a  finite  sum  of  specific  sine  waves  to  approximate  the  general  spectral  shape  described 
above  permits  om  to  use  the  ratio  of  Fourier  transforms  for  the  cross-spectra  ir.  Eq.  1  without  getting 
into  low  signal-to-noise  problems  (see  Ref.  10).  That  is,  referring  to  Mr.  Hosman’s  Eq.  t,  we  make  certain 
that  the  remnant  power  relative  to  the  signal  power  is  quite  small  at  each  input  frequency.  On  the  other 
hand,  Mr.  Hosman’s  input  spectrum,  which  at  low  frequencies  corresponds  to  white  noise  acting  through  the 
airplane  as  a  filter,  actually  has  a  reduced  signal  at  low  frequencies  according  to  Fig.  5a;  and  addition¬ 
ally  has  spectral  properties  which  make  it  difficult  to  distinguish  signal  from  noise.  Early  experiences 
with  spectral  inputs  led  us  and  otners  to  conclude  that  we  were  better  off,  with  such  inputs,  to  express 
the  desired  quasi-linear  describing  function  in  terms  of  Hp  =  Sn/i>u_5.  If  the  rennant  is  considered  to 

be  an  injected  noise  and  the  signals  correspond  to  a  stationary  random  process,  then  this  form  always 
yields  a  better  estimate  for  Hp  than  Eq.  1 .  However,  as  noted  earlier,  if  a  sum  of  sine  waves  is  used, 

Eq.  1  or  even  simpler  relationships  can  be  utilized  with  little  error. 

Another  advantage  of  sum-of-sinusoid  inputs  is  that,  with  special  techniques,  one  can  obtain  the  desired 
describing  function  on-line  using  th  :  error  signal  alone!  This  is  done  by  using  the  input's  cosines  and 
derived  sines  as  the  Fourier-integral  multipliers  of  the  selected  signal  (error  has  the  best  properties) 
(Ref.  10).  It  is  even  possible  to  obtain  an  estimate  of  the  signal  coherence  at  each  input  frequency  using 
this  approach  (Ref.  11).  With  5-7  sinusoids  the  effective  local  at  each  frequency  remains  above 

0.80-0. 90,  even  though  the  average  correlated  power  is  only  0.20-0.50! 

As  a  final  comment  in  this  area,  it  would  be  interesting  to  examine  the  remnant  spectral  form  (not 
shown  in  the  paper)  to  see  how  it  compares  with  other  researches  in  the  field. 

INTERPRETATION  Of  PHOT/VEHICLE  RESULTS 

The  system  performance  results  tabulated  in  Table  5  show,  as  also  noted  by  Mr.  Hosman,  that  for  the 
stable  aircraft  the  closed- loop  values  of  ca  are  not  much  different  from  those  for  the  airplane  alone. 

This  comment  also  applies  to  the  neutral  aircraft  because  the  airplane-only  value  of  obtained  by 
roughly  integrating  the  spectrum  shown  in  Fig.  5a,  is  only  slightly  higher  —  about  0.53  deg^,  as  opposed 
to  0.25  for  the  stable  airplane.  Furthermore,  as  also  noted  (and  shown  in  Table  5),  the  closed-loop  cross¬ 
over  frequencies  for  the  stable  and  neutral  aircraft  are  quite  low,  being  respectively  of  the  order  of 
0.2  and  O.k  rad/sec.  On  the  basis  of  this  evidence  it  seems  that  the  pilots  were  not  doing  a  lot  of  active 
tracking  for  these  two  configurations.  A  possible  explanation  nay  be  that  the  signal  levels  were  within 
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the  pilot's  indifference  or  visual  threshold.  For  example,  the  o@  of  about  0.b8  for  the  stable  airplane 
converts  to  approximately  a  subtended  visual  angle  at  the  pilot's  eye  of  roughly  0.5b  milliradians;  the 
corresponding  value  for  the  neutral  aircraft  is  about  0.65  milliradians.  From  data  given  in  Ref.  1  it 
appears  that  visual  threshold  values  are  of  the  order  of  about  1  milliradian.  For  the  unstable  aircraft 
the  value  of  of  deduced  from  Fig.  3a  was  about  23.5  deg2,  which  raises  the  value  of  og  by  roughly  an  order 
of  magnitude  over  that  for  the  stable  airplane.  For  such  a  large  input  there  is  now  no  question  of  thresh¬ 
old  effects;  and,  in  fact,  this  is  the  only  one  of  the  three  configurations  for  which  the  crossover  fre¬ 
quencies  are  in  a  range  consistent  with  reasonable  tracking  efforts,  as  discussed  below,  i.e.,  u> c  =  1-1. ■ b 
rad/sec.  Recent  work  on  display  scaling  by  STI  and  others  has  also  shown  crossover  frequency  regression 
for  near-threshold  display  signals  (Refs.  8,  12). 

Whether  or  not  the  low  crossover  frequencies  noted  above  were  due  to  threshold,  the  effects  of 
increasing  input  excitation  noted  above  are  consistent  with  other  findings,  i.e.,  that  increasing  the 
input  above  a  certain  low  level  sometimes  increases  the  pilot's  gain  and  corresponding  crossover  frequency. 
We  have  observed  similar  effects  in  some  of  our  own  multiple-loop  test  situations  where  the  disturbances 
were  deliberately  kept  small  to  prevent  other  instruments  in  the  pilot's  view  from  fluctuating  too  wildly. 
In  a  recent  series  of  tests  we  simulate',  a  DC-8  e* '.plane  approaching  at  135  kt  (Ref.  2)  with  airline  pilots 
told  to  fly  in  their  "natural"  way.  We  found  that,  even  though  the  o0  input  was  approximately  1.2  deg  at 
rouyjhly  the  same  display  scaling  used  by  Mr.  Hosman,  one  pilot's  crossover  frequency  was  only  about  O.b 
rad/sec  with  a  corresponding  phase  margin  of  85  deg;  whereas  a  second  pilot  had  about  a  0.9  rad/sec  cross¬ 
over  frequency  and  rou^ily  7b  deg  of  phase  margin.  The  first  pilot  had  about  the  same  low  crossover  fre¬ 
quency  for  the  outer  loop  indicating,  in  effect,  that  he  did  not  really  use  an  attitude  inner  loop  in  his 
normal  flying.  When  these  same  two  pilots  were  given  a  flight  director  in  which  the  display  scaling 
increased  the  apparent  disturbance  input  by  about  a  factor  of  3,  both  pilots  had  roughly  similar  crossover 
frequencies  now  ranging  between  0.8  rad/sec  for  the  previously  low  pilot  to  l.b  rad/rec  for  the  second 
pilot,  with  respective  phase  margins  of  55  and  30  deg.  These  latter  data  compare  quite  favorably  with 
those  shown  for  the  unstable  aircraft  in  Table  5.  We  should  note  in  connection  with  these  results  that, 
because  the  pilot  had  a  full  instrument  display  panel  and  was  flying  a  whole  landing  approach  task,  the 
reduced  crossovers  relative  to  those  obtained  in  pure  single-loop  tasks  are  due,  at  least  in  part,  to  the 
effects  of  scanning. 

In  addition  to  the  above  differences  in  crossover  frequencies  and  performance,  Mr.  Hosman  notes  in 
connection  with  Fig.  12  that,  as  the  airplane  becomes  progressively  less  stable,  the  pilot  adapts  more 
lead.  However,  Table  b  shows  less  systematic  variations  of  lead  time  constant  (t-j  )  with  changes  in  the 
airplane's  stability  than  Fig.  12.  Table  b  also  shows  a  marked  decrease  in  the  effective  time  delay 
(=  2x3)  for  the  unstable  aircraft.  This  result  is  quite  consistent  with  our  findings  that,  for  unstable 
aircraft  where  the  value  of  T3  is  especially  critical  to  closed-loop  performance  and  stability,  the  pilot 
tenses  up  and  effectively  reduces  his  neuromuscular  lag.  In  fact,  we  quite  often  use  instability  as  a 
device  to  increase  the  pilot's  tension;  we  also  use  increased  input  bandwidth  and,  in  seme  cases,  electro¬ 
myographic  feedback  to  the  pilot  so  that  he  can  see  his  ovm  tension  level. 

3ECCNDARX  TASK  IMPLICATIONS 

Figure  1,  which  Mr.  Hosman  uses  as  the  basis  for  setting  up  the  philosophical  point  of  view  relative 
to  secondary  tasks  and  modeling,  we  find  somewhat  confusing  and  misleading,  or  at  r.est  orCLy  partially  true. 
For  example,  we  would  say  that  there  are  feedback  paths  other  than  conscious  perception  vhich  the  pilot 
can  close;  for  instance,  through  unconscious  sensation,  as  in  joint  receptors.  Also,  ■‘he  block  labeled 
"Decision"  in  Fig.  1  is  not  generally  a  factor  in  the  closed  loop  itself,  but  rather  is  a  parallel  func¬ 
tion  which  can  operate  to  affect  switching,  lead  generation,  or  other  pilot  activities  1'  the  loop  under 
control.  We  prefer  an  hierarchical  structure,  with  the  decision-making  "metacontroller"  governing  the 
often-parallel  multiple  control  loops. 

Also,  the  notion  that  the  human  cannot  deal,  with  more  than  one  source  of  information  at  a  time,  we 
feel,  is  not  truly  a  well-accepted  dogma;  although  it  does  reflect  a  simplistic  view  held  by  Many  in  tne 
psychological  fraternity.  For  example,  in  multiple  input/output  operations  (e.g.,  using  elevator,  aileron 
and  rudder)  the  pilot  can  handle  more  than  a  single  continuous  task.  In  this  connection,  the  data  and 
results  of  Ref.  3,  concerned  with  a  series  of  tests  where  a  variety  of  configurations  were  flown  using 
aileron-only,  and  rudder  as  required  to  stabilize  a  divergent  dutch  roll  mode,  are  of  direct  interest. 

The  dutch  roll  damping  ratios  were  vtried  frco  O.75  to  -0.075  to  -0.35.  The  roll  axis,  which  was  the 
command  axis,  was  easily  controlled  with  only  aileron  for  the  stable  dutch  roll,  but  both  levels  of  dutch 
roll  instability  required  simultaneous  control  of  a  rudder  inner  loop  to  improve  the  airplane,  or  make  it 
flyable.  The  observed  crossover  frequencies  for  the  outer  bank  angle  command  loop  were  3.2  rad/sec  with 
a  phase  margin  of  20  deg  for  all  configurations  regardless  of  the  secondary  task  requirements.  It  is 
important  tc  note  in  this  connection  that  the  pilot  was  apparently  not  pushed  to  capacity  despite  the 
increasing  load.  That  is,  he  was  able  to  continue  doing  the  same  comaand/centrol  job  despite  an  increasing 
secondary  "load."  In  view  of  such  results  (and  wt  have  obtained  others  of  a  similar  nature),  it  seems 
obvious  to  us  that  the  pilot  is  really  much  more  than  simply  a  sequential  processor. 

Whether  "mental  load"  describes  such  increased  demands  on  the  pilot  is  questionable.  However,  we  quite 
agree  that  decreasing  airplane  stability  will  force  the  pilot  to  work  harder  by  tensing  to  reduce  73,  by 
adopting  high  frequency  lead,  and  by  requiring  him  to  operate  above  seme  minimum  gain.  Such  descriptions 
of  what  the  pilot  has  to  do  to  control  the  vehicle  in  the  assigned  task  are  much  more  concrete  than  a 
phrase  like  "mental  load."  In  any  event,  both  descriptions  indicate  a  certain  reduction  in  the  pilot's 
excess  capacity  for  additional  tasks. 


Of  course,  the  addition  of  another  task  further  reduces  the  pilot's  excess  capacity;  and  if  we  can 
arrange  both  tasks — that  is,  the  primary  and  the  added  or  secondary  task  —  to  be  such  that  his  total 
excess  capacity  is  zero,  then  there  are  a  variety  of  ways  in  which  we  can  quantify  his  excess  capacity 
when  only  performing  the  primary  task.  For  instance,  if  the  primary  task  performance  is  held  constant, 
the  performance  achievable  In  the  secondary  task  Is  then  a  direct  measure  of  the  excess  capacity  with  only 
the  primary  task  (Ref.  b),  Conversely,  if  the  secondary  task  is  held  constant,  then  the  performance 
degradation  in  the  primary  task  is  also  a  measure,  although  not  quite  so  directly,  of  excess  capacity, 
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provided  that  the  combined  task  is  really  saturating  the  pilot. 

In  Hosman's  experiments  the  auditory,  binary  choice,  secondary  task  was  set  at  various  levels  corre¬ 
sponding  to  percentages  of  the  pilot’s  total  capacity  in  that  task.  Accordingly,  the  reduction  in  primary 
task  performance  is  ejected  to  be  indicative  of  sane  change  in  the  pilot’s  available  capacity.  However, 
there  was  no  provision  for  the  sum  of  the  combined  tasks  to  totally  saturate  the  pilot,  which  might  have 
been  a  better  strategy.  Also,  the  fact  that  the  scores  on  the  additional  ( secondary)  task  were  not  kept 
(or  at  least  were  not  given)  indicates  that  the  pilot  had  sane  leeway  in  trading  off  secondary  versus  pri¬ 
mary  tasks  in  priority.  Accordingly,  there  is  at  least  sane  philosophical  basis  for  questioning  whether 
or  not  the  resulting  reduced  performance  in  the  primary  task  is  necessarily  indicative  of  a  reduction  in 
the  pilot's  capacity  when  also  performing  the  additional  tr.’ditory  task. 

If  with  this  background,  we  look  at  Fig.  10,  it  is  clear  shat  the  additional  task  has  no  real,  effect 
on  the  closed- loop  performance  of  the  stable  aircraft.  This  isn’t  too  surprising  when  we  remember  that 
the  pilot  really  wasn't  doing  very  much  toward  controlling  this  particular  configuration.  For  the  neutral 
aircraft  we  see  some  incre-se  in  tracking  error,  but  the  pilot  still,  we  suspect,  is  not  really  trying  (or 
can't  accurately  perceive  the  error)  as  evidenced  by  the  low  crossover  frequencies.  These  are  0,2  to 
0.25  rad/sec  (Table  5)  for  the  80  percent  auditory  task,  decreased  from  0.3**  to  O.k  rad/sec  without  the 
auditory  task;  but  far  below  the  pilot's  true  capability  as  shown  by  crossovers  of  1  to  1.1  rad/sec  for 
the  unstable  aircraft.  It  seems  fairly  clear  that  for  the  unstable  aircraft  the  pilot  was  forced  by  the 
additional  task  to  pay  less  attention  to  the  control  task  and  that  he  was  truly  quite  nearly  saturated. 
However,  for  the  other  cases,  it  appears  that  the  pilot  may  not  have  been  operating  near  full  capacity, 
especially  in  view  of  the  multiple-loop  data  cited  previously  (which  showed  no  changes  in  command  task 
performance  with  an  additional  control  task),  nevertheless,  we  can’t  deny  the  data,  sc  we  wonder  whether 
there  were  changes  in  the  actual  scores  on  the  additional  task  which  perhaps  could  account  for  the  slight 
differences  shown  in  the  performance  trends  for  the  stable  and  neutral  aircraft. 

In  our  own  work  we  considered  a  variety  of  secondary  task  loadings  and  ended  up  with  a  preference  for 
what  we  call  a  cross-coupled  secondary  task  (Ref.  h),  which  always  stresses  the  pilot  to  his  limit  capacity 
while  maintaining  sane  specified  performance  in  the  primary  control  loop.  Accordingly,  we  use  the  second¬ 
ary  task  score  as  a  direct  quantitative  measure  of  excess  capacity  for  the  primary  task.  Incidently,  the 
secondary  task  scores  thus  obtained  correlate  quite  well  with  pilot  ratings  of  the  primary  task  alone 
which  indicate  that,  among  other  things,  the  pilot  rating  is  a  pretty  good  measure  of  his  capacity  to  take 
v  :  additional  work. 


SAMHLED-RAXA  PILOT  M3DEL8 

In  connection  with  the  advanced  pilot  model  proposed  by  Mr.  Hosman,  we  agree  that  the  process  of 
sampling  and  quantification  can  produce  remnant.  In  fact,  we’ve  been  through  about  four  generations  of 
development  on  such  models  in  our  own  work  on  display  scanning  and  sampling.  {Hosman’s  Ref.  9  gives  one 
third- generation  example.)  Sane  of  the  things  we’ve  tried,  and  some  of  the  results  we’ve  r-ntain'.d  are  of 
direct  pertinence  to  Mr.  Hosman’ s  proposed  modeling  effort. 

In  this  work  we  have  develuped  explanations  and  models  for  the  quasi-linew  describing  functions  and 
remnants  experimentally  observed.  Two  "mental  processes"  have  been  hypothesised  for  the  models  (Refs.  5 
and  6)  called  1  switched  gain"  and  "reconstruction-hold"  models.  For  the  switched  gain  process,  the  quosi- 
linear  describing  functions  in  the  several  loops  incur  no  time  delay  because  of  the  scanning  and  sampling 
processes,  although  the  gain  switching  (multiplexing)  from  loop  to  loop  reduces  the  effective  gain  in  each. 
In  the  reconstruction-hold  model  a  sampling  delay  is  incurred  that  may  be  largely  offset  by  lead  equaliza¬ 
tion  as  part  of  the  signal  reconstruction  process. 

The  principal  cost  of  tne  scanning,  sampling,  and  reconstruction  (or  switching)  behavior  is  an  increased 
"remnant."  This  depends  on  the  sampling  frequency,  fixation  dwell  time,  and  sampling  frequency  variations, 
as  well  as  the  signal  variance.  It  acts  like  a  multiplicative  (proportional)  injected  noise,  and  is  the 
real  cause  of  saturation  in  multi-instrument  displays  (e.g..  Ref.  8). 

Wc  recognize  six  possible  sources  of  remnant: 

Observation  Remnant  due  to  poor  coupling  between  the  displayed  signal  and  the  eye.  Resolution, 
retinal  rate  thresholds  and  saturation  levels,  and  refractory  delay  arc  of  key  relevance  to 
instrument  design. 

Scanning  Hamaat  due  to  scanning  and  sampling  of  multiple  instrument  displays.  To  the  extent 
that  parafoveal  information  can  be  used  for  nenfixated  instruments  in  an  array  or  for  symbols 
within  a  display,  the  parafoveal  display  perception  is  of  interest  because  it  can  reduce 
scanning  remnant. 

Equalization  Hssnant  dut  to  asynchronous,  discrete  mental  data  processing  to  derive  rate  (lead 
equalization),  time  .nd  amplitude  variations  in  gain,  and  intentional  dither.  Except  in 
properly  designed  flight  directors,  these  are  dominant  remnant  sources,  and  can  affect  the 
remnant  resulting  from  use  of  a  given  instrument  design  (e.g.,  if  low  frequency  lead  genera¬ 
tion  is  required,  the  instrument  must  provide  smooth  data  in  the  low  frequency  range). 

Motion- Cue  Remnant  due  to  vestibular  feedback  noise. 

Crosstalk  Remnant  due  to  neuromuscular  commands  for  other  axes  in  a  given  control  action  (e.g., 
seme  aileron  control  showing  up  in  elevator  control  inputs). 

Heuraauscular  Reonaat  due  to  neural  and  muscular  non-linearities  and  tension  (gain)  variations. 

An  important  remnant  source  is  residual  neural  noise  and  tremor  which  remain  even  when  no 
conn  and  is  being  followed. 


It  can  be  shown  (Ref.  7)  that  the  types  of  quasi-randomly  sampled  and  processed  signals  of  concern  here 
can  be  modeled  by  (l)  replacing  the  sampling  or  switching  process  by  a  continuous  transmission  path  with 
a  describing  function  model,  and  (2)  adding  an  uncorrelated  wideband  noise  process  whose  power  spectral 
density  is  proportional  to  the  variance  of  the  signal  before  sampling,  which  in  our  ease  is  the  displayed 
signal.  For  the  switched  gain  model,  the  quasi-randan  sampling  process  has  a  finite  fcrveal  dwell  interval, 
and  the  wideband  noise  process  exhibits  a  low-pass  power  spectrum  with  a  first-order  break  frequency  which 
is  inversely  proportional  to  the  average  foveal  dwell  interval  (Ref.  6).  The  measurements  of  this  s'-'itched- 
gain  remnant  (Ref.  6)  have  shown  that  it  so  predominates  over  the  other  sources  of  remnant  that  the  other 
sources  cannot  even  be  identified. 

COHCLUSION 

I  sincerely  hope  that  this  recitation  of  sort  of  our  work  and  results  vis-a-vis  the  experiments  and 
data  obtained  by  Mr.  Hosman  is  noc  construed  in  any  negative  way.  I  hope  instead  that  my  comments,  criti¬ 
cisms,  and  references  to  some  of  our  pertinent  parallel  work  may  be  helpful  to  those  of  you  planning 
similar  experiments;  and  that  is  the  spirit  in  which  this  discussion  has  been  rendered.  The  work  des¬ 
cribed  in  detail  by  Mr.  Hosman  is  valuable  regardless  of  the  questions  and  issues  raised  in  my  discussion. 
Certain  of  his  data,  as  reduced,  appear  to  have  more  validity  than  others;  however,  as  with  all  such  data, 
it  may  be  possible  or  x'easible  for  some  of  the  questions  raised  in  today’s  discussion  to  be  resolved  by 
additional  manipulations  of  the  fairly  solid  lata  bank  he  has  collected  with  his  carefully  conducted 
experiment. 
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OPEN  DISCUSSION 


R.  Deque,  Aerospatiale,  France 

He  know  ground  base  simulator  limitations.  Have  pilot  transfer  functions  been  also  measured 
from  real  flight? 

I.L.  Ashkenas,  ST  I,  USA 

Yes,  we  have  used  some  variable  stability  aircraft,  the  Princeton  Navion  and  USAF  T-33.  My  recol¬ 
lection  is  that  we  got  good  agreement  between  the  flight  test  and  the  ground  based  results.  The  im¬ 
portant  differences  were  the  crossover  frequencies  and  gains. 

R.O.  Anderson,  AFFDL,  USA 

There  has  been  other  more  recent  work.  NASA  did  some  work  using  the  variable  stability  Lockheed 
Jet  Star,  GPAS.  But  an  even  more  dramacic  effort  was  the  work  done  by  Hr.  Wingrove  at  NASA  Ames,  where 
he  made  actual  measurements  of  the  Gemini  manually  controlled  retro-rocket  firing  for  reentry.  He.  found 
very  good  agreement  with  general  theory,  except  for  the  differences  that  Mr.  Ashkenas  mentioned. 
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PILOT  WORKLOAD 


R.  K.  Bernotat 

Forschungsinstitut  fur  Anthropotechnik 
5309  Meckenheim,  Germany 


Jean-Claude  Wanner 
Service  Technique  Aeronautique 
Paris  XV,  France 


The  following  paper  is  not  a  carefully  prepared  conference  paper  but  was  made  ready  by  the  two  authors  on  request  of  the 
chairman  on  very  short  notice  during  the  meeting  to  serve  as  a  basis  for  discussions  concerning  this  very  special  topic. 


1. 


Schematic  of  pilot  in  the  loop 

Figure  i  is  a  schematic  of  the  possible  functions  of  the  human  operator  within  the  whole  guidance  and  control  system [2] . 
We  notice  the  three  hierarchical  control  loops.  The  "captain"  gives  his  commands,  as  for  example,  point  of  destination, 
to  the  navigation  loop  which  computes  the  appropriate  flight  programme. 


mfntoi  wcrklocd 


ftKT^ncy  dfmcnrt 
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Figure  1 


Functions  of  the  human  optrator  in  the  guidance  ond  control  ioops 


During  flight  the  "navigator"  checks,  whether  there  are  large  deviations  from  *he  programme.  If  this  is  the  case  he  v/ill 
start  the  computation  of  a  new  programme. 


The  forcing  function  given  by  the  programme  is  followed  by  the  “guidcnce"  loop.  Smaller  deviations  from  the  programme 
ere  corrected  by  the  "pilot"  acting  as  a  computer. 


The  output  or  this  loop  is  ihe  forcing  function  of  the  inner  !rsp,  responsible  for  attitude  and  speed  of  the  aircraft.  With¬ 
in  this  loop  too  the  pilot  mainly  has  the  function  of  a  very  flexible  and  adaptable  computer. 


From  the  viewpoint  of  pilot  workload  it  can  be  stated  that 


o)  bocouse  of  the  increasing  frequency  demand  within  the  control  lo  .  he  physical  workload  increases  from  the  higher 
to  the  lower  loop. 


b)  because  of  the  increasing  level  of  information  processing,  the  mental  load  increases  the  other  v/cy  from  bottom  to  top. 


c)  following  from  a)  and  b)  the  automation  started  in  the  attitude  loop  (stabilizer,  simple  attitude  hold  autopilots), 

continues  into  the  guidance  loop  (more  complex  autopilots  with  flight  path  coupler)  and  moves  toward  the  navigation 
loop  (space  flights). 


§ 
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Let  us  try  now  to  structure  these  different  considerations  by  giving  some  definition  [5,  6]  . 

The  total  mission  of  an  aircraft  can  be  divided  in  a  certain  number  of  parts  we  call  "Phases",  like  for  instance.  Take 
Off,  Climb,  Cruise,  Descent,  Approach,  Landing  and  so  on;  but  the  objective  of  a  Flight  Phase  is  too  general,  so 
we  divide  each  phase  into  a  number  of  elementary  parts  we  call  Sub-phases.  The  objective  of  each  sub-phase  is 
specified  within  a  given  set  of  tolerances  which  take  into  account  the  likeiyhood  of  performing  the  succeeding  sub¬ 
phase. 

During  a  given  sub-phase  the  pilot  has  to  adhere  to  airplane  limitations,  for  instance,  limitations  on  angle  of  attack. 
He  has  also  to  adhere  to  operational  limitations,  for  instance,  height  above  the  ground,  flight  level  prescribed  by  the 
air  traffic  control;  this  first  objective  to  be  met  by  the  pilot  is  called  Immediate  Safety  (figure  2). 
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Figure  2:  The  pilot  in  3  loops 


On  the  othei  hand,  the  pilot  must  not  jeopardize  the  achievement  of  the  following  sub-phase;  in  other  words,  he  has  to 
reach  the  elementary  objective  of  the  sub-phase  within  the  tolerances  (position,  height,  speed,  heading  and  so  on).  This 
second  objective  is  called  Short  Term  Safety,  the  Long  Term  Safety  being  the  observation  of  the  objective  of  the  phase 
(navigation  and  guidance). 

In  order  to  observe  this  double  objective,  short  term  and  immediate  safeties,  the  pilot  uses  s  flight  technique  as  a  guide, 
this  flight  technique  depends  on  *he  state  of  the  aircraft  (mass,  C.  G.  location,  failures,  and  so  on)  ond  on  the  state  of 
the  atmosphere  (visibility,  turbulence,  wind,  ond  so  on).  The  flight  technique  is  generally  given  in  the  flight  manual 
by  rules  for  combining  the  different  flight  parameters  used  by  the  pilot  (speed,  altitude,  altitude  angles,  position  in  space 
provided  by  1.  L.  S.  or  other  guidance  systems,  and  so  on). 

The  data  concerning  the  short  term  and  the  immediate  safeties  are  provided  to  the  crew  in  different  woys; 

somtt  data  are  directly  or  indirectly  measured  ond  provided  on  the  instrument  panel  in  cnalog  cr  sometimes  in 
digital  form 

-  some  data  are  not  measured  because  they  ore  directly  accessible  to  the  pilot;  for  instance  position  of  the  air¬ 
plane  with  regard  to  the  runway  in  visual  landing,  linear  and  angular  accelerations 
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-  and  last  some  data  concerning  the  state  of  the  aircraft  are  provided  on  the  instrument  display  (position  of  the 
landing  gear,  of  the  flaps,  engines  R.P.M.,  systems  failures  and  so  on) 

Cues  relevant  to  the  short  term  and  immediate  safeties  are  collected  by  the  different  human  sensors,  which  are  eyes,  ears, 
hands  and  legs,  and  the  whole  body. 

We  have  to  notice  that  eyesore  double  sensors:  central  vision,  collecting  few  but  precise  data,  and  peripheral  vision, 
collecting  numerous  but  not  precise  cues.  The  ears  are  also  multiple  sensors:  the  external  ear  collects  sounds,  and  the 
interna!  ear  collects  linear,  angular  accelerations  and  direction  of  the  apparent  vertical. 

It  is  very  important  to  note  that  data  are  collected  by  a  sensor  and  transmitted  to  the  brain  and  are  used  by  the  brain  only 
when  the  brain  gives  the  corresponding  order,  in  other  words,  "calls"  the  data. 

This  remark  is  very  important  because  it  means  that  the  collection  of  different  data  cannot  be  made  in  a  simultaneous  way: 
the  brain  asks  the  eyes  to  look  at  this  instrument  then  at  another  instrument  and  later  asks  the  ears  to  listen  to  this  or  that 
signal;  the  way  of  scanning,  generally  teamed  by  training,  may  be  modified  by  an  alarm  signal  coming  from  peripheral 
vision  or  from  the  internal  ear. 

The  data,  collected  by  the  various  sensors  are  transmitted  to  the  brain,  which,  by  direct  comparison  with  well-known 
situations  or  by  computations  according  to  programmes  stored  in  the  me:nory,  gives  two  kinds  of  orders: 

-  order  for  action  by  hands  and  feet  on  the  controls 

-  cail  for  new  data  to  be  collected  by  a  given  human  sensor 

The  first  type  of  orders  generate  the  extemo’  loops  and  the  second  ones  generate  the  internal  loops  (see  figure  3). 
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Figure  3  :  Internal  and  external  pilot  loop 
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Let  us  examine  now  these  two  outputs  of  the  brain  by  considering  a  specific  example.  We  assume  that  the  pilot  has  to  per¬ 
form  the  "Final  Descent"  Sub-phase  of  the  "I.L.S.  Approach"  Phase  under  zero  visibility  conditions.  He  has  at  his  disposal 
the  I.  L.  S.  cross  pointers  and  the  conventional  instrument  panel  which  includes  the  altimeter,  the  horizon,  the  rote  of  climb 
indicator,  the  air  speed  indicator,  the  direction  holder  and  the  turn  ond  bonk  indicator.  The  chosen  flight  technique  is: 


speed  maintained  constant  at  a  given  value 
wings  maintained  horizontal 


the  two  I.L.S.  cross  pointers  at  the  center  of  the  indicator 


At  a  given  moment  the  pilot  has  received  the  following  information: 

-  the  speed  is  equal  to  the  desired  approach  speed 

-  the  heading  is  the  localizer  heading 

-  the  wings  are  horizontal 


the  pitch  attitude  is  at  the  correct  value,  taking  into  account  the  slope  and  the  recommended  value  of  the  angle  of 
attack 


the  I.L.  S.  indicator  shows  that  the  aircraft  is  above  and  to  the  right  of  the  I.L.S.  path 


In  reality  the  pilot's  brain  has  not  assimilated  directly  all  of  this  information.  By  scanning  the  instrument  panel,  he  has 
noticed  the  position  of  the  airspeed  pointer,  the  position  of  the  pointer  of  the  direction  holder,  the  position  of  the  artifical 
horizon  bar,  the  position  of  the  two  I.L.S.  pointers. 


Thus  we  see  that  a  fairly  complex  mental  exercise,  which  includes  comparison  with  data  stored  in  the  memory,  is  performed 
before  the  pilot  can  analyse  the  situation. 


We  shall  note  that  several  values  are  sometimes  memorized  in  terms  of  the  required  needle  positions.  For  example  it  is 
known  that  in  approach,  the  pointer  of  the  airspeed  indicator  is  horizontal  to  the  left  or  vertical  above.  Such  memorization 
depends  on  the  type  of  display  used. 


Now  the  pilot  performs  a  second  mental  operation  to  plan  his  strategy  for  achieving  the  short  term  safety,  that  is,  to 
guide  the  aircraft  through  the  three  hundred  feet  window. 


The  flight  technique  helps  him  to  find  the  proper  procedure. 


Then,  the  pilot  decides  to  incline  the  aircraft  to  the  left  and  reduce  the  pitch  attitude.  Knowing  from  experience  that  a 
reduction  in  pitch  attitude  goes  with  an  increase  in  speed,  he  decides  to  reduce  the  thrust  as  well  or  to  increase  the  drag 
by  using  the  airbrakes.  Depending  on  his  training,  that  is,  depending  on  how  much  information  he  has  memorized,  the 
pilot  decides  with  more  or  less  precision  what  magnitude  the  elementary  manoeuvres  will  have.  The  pilot  knows  that  to 
correct  a  two  point  deflection  of  the  I.  L.  S.  indicator  along  the  lateral  axis  at  the  beginning  of  descent,  he  must  bank 
the  aircraft  twenty  degrees  to  the  left  for  five  seconds  and  then  bank  it  twenty  degrees  to  the  right  after  which  he  returns 
to  the  wing  horizontal  position. 


Of  course  the  pilot  does  not  know  exactly  how  long  themanoeuvre  takes,  and  he  has  no  chronometer  available.  Indeed 
he  uses  the  usual  banking  rate,  and  he  knows  that  a  twenty  degree  left  bank  followed  by  a  twenty  degrees  right  bank 
and  a  return  to  horizontal  gives  the  desired  correction.  Likewise,  a  trained  pilot  will  know  that  reducing  the  pitch 
attitude  by  two  degrees  for  ten  seconds  followed  by  a  return  to  the  initial  attitude  will  correct  the  altitude  deviation. 
Finally,  he  knows  that  a  reduction  of  one  hundred  r.p.m.  is  required  in  order  to  prevent  an  unacceptable  increase 
in  speed  during  thismanoeuvre;if  the  speed  is  not  below  the  minimum  drag  speed,  the  pilot  can  decide  that  a  thrust 
variation  is  net  needed  for  such  a  short  manoeuvre. 


Up  to  this  point,  the  pilot  has  not  acted;  he  has  only  performed  mental  operations  to  analyse  the  situation  and  decide 
what  strategy  to  use.  There  remains  one  more  mental  operation  to  be  performed:  determining  how  to  actuate  the  con¬ 
trols  in  order  to  perform  the  desired  elementary  manoeuvres.  These  controls  are  the  stick  for  pitch  and  bank  attitude, 
the  rudder  pedals  and  the  throttle.  If  he  is  trained  thoroughly  enough,  he  will  know  how  much  force  to  apply  to  the 
control  and  how  long  in  order  to  bank  the  aircraft  twenty  degrees  to  the  left  at  the  normal  rate.  He  will  also  know  how 
much  forces  should  be  applied  on  the  stick  to  control  the  pitch  attitude  and  how  far  the  throttle  should  be  moved. 


Once  these  decisions  have  been  made,  the  pilot  can  act,  that  is,  move  the  controls.  Then  come  the  checking  operations; 
the  various  sensors  have  to  collect  new  data. 


The  forces  applied  to  the  controls  are  modified  according  to  the  results,  that  is,  as  a  function  of  the  data  collected. 
Thus,  there  is  a  set  of  controi-action-loops  between  each  force  applied  to  the  control  and  its  resultant  action,  until 
the  desired  result  is  reached. 


To  acquire  the  information  needed  to  evaluate  the  results  of  actions  taken,  the  brain  must  call  for  it;  there  is  a  signal 
to  the  appropriate  sensor  to  switch  it  into  a  state  of  readiness  for  transmission.  The  command  to  "enter  into  service"  is 
transmitted  to  the  sensors  by  what  we  will  call  an  internal  loop  of  the  brain,  distinguishing  it  from  the  external  control 
loop  described  above. 


The  first  internal  loop  actuated  is  the  brain-hand  loop,  which  alerts  the  hand  or  foot  serving  as  a  force  sensor. 


Thus  the  brain  will  request  that  the  control  stick  be  moved  to  the  left  and  thot  a  force  sensor  transmits  an  indication  of 
the  amount  of  force  applied.  The  brain  keeps  on  requesting  thot  the  control  be  moved  un*i!  the  desired  force  has  been 
applied.  The  work  can  be  chopped  up  as  follows: 


order  to  move  the  stick 


request  for  information  on  force 
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-  transmission  of  information 

comparison  between  the  measured  force  and  the  desired  force 

-  corrective  action 

-  request  for  new  information/  and  so  on 

in  this  way  the  elementary  action  is  done,  a  given  force  is  applied  to  the  stick  and  a  second  external  loop  begins  to 
check  the  elementary  manoeuvre. 

The  pilot  knows  that  the  rate  of  roll  should  be  closed  to  the  desired  rate,  but  he  must  check  this,  and  stop  the  rail  when 
the  twenty  degrees  of  bank  are  reached.  Then  he  calls  by  a  second  internal  loop,  the  brain-eye  loop,  for  information 
needed  for  external  loop  operations. 

Just  as  above,  the  work  can  be  chopped  into  several  parts: 

-  order  io  apply  the  scheduled  force  which  assumes  that  the  force  is  checked  as  above 

-  request  for  information  about  the  bank  angle 

-  transmission  of  that  information 

-  comparison  with  the  desired  bank  angle 

-  correction  of  the  control  force 

-  request  for  new  information  about  the  bank  angle 

If  the  pilot  wants  to  make  sure  of  the  bank  rate,  the  work  will  be  complicated  because  the  bank  angle  <^>  will  have  to 
be  checked  twice  over  a  given  time  interval  in  order  to  estimate  A 

A  t  • 

Once  the  pilot  has  changed  the  bank  angle,  he  should  look  at  the  effect  of  that  manoeuvre  on  the  flight  path.  In  order 
to  do  this  he  must  call  upon  a  new  internal  brain-eye  loop  to  transmit  new  information  by  looking  at  the  right  instrument. 

This  time  an  external  loop  is  not  established  since  it  is  carried  out  immediately  by  an  action  of  the  pilot.  First,  position 
and  direction  information  must  be  obtained  from  the  I.L.S.  indicator.  Then,  the  situation  is  analysed,  and  a  similar 
but  simpler  method  is  used  to  modify  the  original  procedure. 

What  we  have  described  here  is  the  process  by  which  the  airpath  is  checked  in  the  I.L.  5>.  system.  If  this  is  done  with  the 
G.C.A.  system,  the  information  is  obtained  orally,  and  it  is  the  internal  brain-ear  loop  which  is  used. 

It  should  be  noted  that  in  the  latter  case,  part  of  the  situation  is  analysed  by  the  G.C.A.  ground  controller  who 
"prepares"  the  procedure  to  be  followed  and  gives  not  only  positions,  but  also  instructions  setting  the  airpath  to  be 
followed  and  the  variation  in  rate  of  descent. 

Now  that  this  has  been  shown,  we  con  return  to  our  analysis  of  the  work  performed  by  the  pilot:  it  can  be  divided  as 
follows: 

-  acquisition  of  general  data  on  the  position  of  the  aircraft  co  npcred  with  the  intended  path,  and  the  attitude  of 
the  airplane  relative  to  the  ground,  that  is,  information  on  the  parameters  essential  to  short  term  and  immediate 
safety;  (of  course  not  only  position  parameters  but  also  their  time  derivatives  are  of  interest) 

-  analysis  of  the  situation  and  selection  of  a  procedure  to  be  followed  based  on  the  flight  technique 

-  splitting  of  the  procedure  into  elementary  manoeuvres  and  choice  of  their  amplitudes 

for  each  elementary  manoeuvre,  choice  of  the  amplitude  of  the  elementary  operation  on  the  controls 

-  action  on  a  control  and  checking  the  effort  by  use  of  the  internal  loop  brain-hand 

-  checking  the  manoeuvre  and  modification  of  the  elementary  action,  that  is  the  effort,  by  use  of  the  internal 
loop  brain-eye  which  collects  information  on  parameters  concerned  with  immediate  safety 

-  checking  the  procedure  by  analysing  the  parameters  concerned  with  short  term  safety  by  use  of  the  internal  loops 
brair.-sye  or  brain-ear 

So  far  we  have  only  described  the  first  part  of  the  pilot's  general  activities  in  trying  to  maintain  the  flight  technique. 
Fortunately  it  takes  much  longer  to  describe  the  manoeuvre  than  it  does  to  perform  it. 

As  soon  as  the  pilot  completes  his  first  elementary  manoeuvre,  that  is,  twenty  degrees  bank  angle,  the  internal  brain-eye 
loop  is  activated  to  collect  the  necessary  data  for  analysing  the  situation. 

The  situation  is  not  necessorely  as  expected.  For  instance,  a  gust  iroy  have  produced  a  decrease  in  velocity;  the  pilot 
may  have  consequently  to  change  his  strategy  to  deal  promptly  with  the  new  situation  which  is  perhaps  dangerous. 

Generally  speaking,  the  pilot  analyses  the  parameters  concerning  immediate  safety  first  and  then  those  for  short  term 
safety.  In  other  vrords,  the  first  aim  is  to  observe  immediate  safety  in  choosing  elementary  manoeuvres;  once  immediate 
safety  is  insured,  the  pilot  is  busy  with  the  short  term  sofety. 


This  means,  that  once  an  elementary  manoeuvre  has  been  executed  (and  sometimes  during  the  manoeuvre),  the  pilot 
should  watch  not  only  the  parameters  concerned  with  that  manoeuvre,  but  also  all  the  others. 

This  operation  is  controlled  by  the  brain  which  focuses  Hie  internal  brain-eye  loop  from  one  instrument  to  another.  The 
order  in  which  they  are  scanned  is  controlled  by  a  programme  which  has  been  memorized  and  ingrained  in  the  pilot's 
mind  by  experience;  or  it  could  be  the  result  of  a  logical  deduction  from  reading  the  instruments  or  analysing  the 
situation.  For  instance,  the  pilot  can  skip  reading  the  altimeter  if  the  rate  of  climb  indicator  is  still  at  zero,  or  he 
could  skip  reading  the  heading  if  the  bank  angle  is  zero. 

Note  that  the  "non  noble  sensors”  play  a  small  part  in  this  check  over  operation;  they  only  interfere  to  warn  the  pilot 
of  an  abnormal  condition. 

We  have  described  in  detail  the  development  of  a  manoeuvre  for  which  an  external  monitoring  loop  requires  the  use  of 
an  internal  loop,  generally  the  brain-eye  loop.  In  some  cases,  the  pilot  can  perform  a  manoeuvre  partially  in  an  open 
loop.  It  enables  him  to  use  his  internal  brain-eye  loop  to  check  other  parameters  and  thereby  quickly  review  his  analysis 
of  the  situation.  In  this  way  delays  in  the  external  loop  during  the  check  can  be  curtailed.  This  brings  to  mind  a  very 
important  fact: 

All  the  mental  processes  involved  in  analysing  the  situation,  selecting  a  strategy,  evaluating  the  elementary  manoeuvres 
and  control  forces,  as  well  as  the  collection  of  information  after  an  internal  loop  instruction,  all  these  are  performed 
one  after  the  other  except  in  very  rare  cases. 

So  the  concept  of  the  pilot  functions  can  be  summed  up  in  the  following  way  (figure  2). 

There  are  three  types  of  loops:  the  biggest  one  which  is  the  shor  term  safety  loop,  the  second  one  which  is  the  immedicte 
safety  loop  and  the  smallest  one  which  is  the  contra!  forces  loop. 

It  is  very  important  to  note  that  the  entire  diagram  must  be  made  much  more  complex.  As  a  matter  of  fact  it  is  possible 
to  picture  every  output  parameter  coming  from  the  airplane  and  every  human  sensor  so  as  to  obtain  a  great  number  of 
loops  of  the  three  kinds  given  on  the  diagram.  Let  us  notice  also  that  at  each  moment  there  is  only  one  loop  in  service, 
and  this  is  one  of  the  fundamental  differences  between  pilot  and  autopilot.  The  selection  of  the  loop  in  service  is  made 
by  the  central  part  of  the  brain,  as  represented  at  the  top  of  the  diagram,  by  means  of  order  to  Hie  chosen  sensor  to  trans¬ 
mit  the  necessary  data. 

Definition 

The  mental  workload  may  be  defined  as  the  processing  of  information  by  the  human  being;  the  information  is  coming  from 
the  aircraft  and  the  environment  to  the  brain  through  the  human  sensors,  eyes,  ears,  skin,  internal  ear  and  equilibrum 
system,  is  treated  in  the  brain  for  analysis  of  the  situation,  decision  for  action  on  controls,  decision  for  asking  for  new 
information  and  transmission  of  information  to  the  environment  (A.T.C.).  Additionally  the  physical  effort  of  the  human 
being  on  the  controls  in  order  to  transmit  the  result  of  the  mental  processing  to  the  machine  may  be  defined  as  physical 
workload. 

Objective  of  the  measurements  of  workload 

Our  objective  should  be  to  get  the  highest  performance  of  the  man-machine  system,  that  is  to  say,  the  highest  probability 
of  fulfilment  of  the  mission.  The  probability  of  fulfilment  of  the  mission  is  related  to  some  extend  to  the  pilot  workload. 
Tins  means  we  have  to  make  sure  that  the  human  pilot  is  not  too  near  the  lower  and  upper  limitations  of  his  information 
handling  capacities.  For  instance,  lower  limit  may  correspond  to  monotony  and  upper  limit  to  stress  and  the  danger  of 
no  safety  margin. 

Measuring  methods 

Human  engineering,  or  Anthropotechnics  as  it  is  called  in  Germany,  as  such  has  the  task  of  optimizing  a  man-mochine 
system  in  regard  to  performance,  reliability  and  economy  [2  }  Within  the  frame  of  this  paper,  only  the  technical  perfor¬ 
mance  is  to  be  considered. 

Normally  the  control  effort  of  the  human  operator  and/or  the  result,  i.e.  the  control  quality  are  used  for  evaluation. 

The  evaluation  methods  differentiate  in  the  approach  of  measuring  these  quantities  (figure  4)  [2]  . 

As  regards  these  approaches  the  following  can  bo  stated  in  detail: 

4.1  Control  effort 

let's  begin  with  the  measurement  of  the  effort  of  control,  i.e.  the  physical  effort  of  the  human  operator  when  operating 
the  signal-output.  For  reasons  of  measuring  techniques,  normally  a  scoring  is  arrived  at,  only  for  continuous  control  and 
not  for  operation  of  switching  elements  (main  control  and  selectors).  Example:  stick  activity  of  a  pilot  controlling  an 
aircraft.  Decisions  have  to  be  made  individually  whether  an  amplitude  ora  rate  scoring  is  the  better  describing  method. 

It  must  be  pointed  out,  that  one  can  frequently  assume  defined  positions  in  the  error  e"ar t  plane  by  varying  the  system 
parameters.  Example:  prediction  display;  here  the  position  in  the  error  effort  plane  >;  Jefined  by  the  type  of  control 
dynamics  and  the  choice  of  prediction  time  (figure  5)  [4  ] . 
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Figure  4  :  Evaluation  of  anthropotechnical  optimization 


— ■  l51  order 
— — —  2 1x1  order  >  prediction 
—•—3,d  order 


C  =  1 
hr  0 


_ 1 _ _ 

c/-r  . 

n  ■« 

L_  Ml 

« 

1 

FS~s^(M^s) 
— 1 — - 

K 

) 

N’iuS 


IS* _ 15 


ir  0.i  isV  v^O.7 

0.7 


J  | 

20 


50  60 

- - — ► 

Rms  stick  signal  K  [v] 


Figure  5  :  Position  in  the  error  effort  plane  as  a  function  of  prediction 

4.2  Mental  workload 

As  could  be  seen  from  figure  1  the  effect  of  mental  load  on  the  human  operator  becomes  more  and  more  important  in 
future  guidance  and  control  systems.  All  over  the  world  there  is  a  lot  of  research  work  going  on  to  measure  mental 
workload.  Some  of  these  apporoohes  are  listed  below. 

4.2.1  Measurement  of  information  transfer 

We  can  try  to  define  the  amount  of  information  going  into  the  human  pilot.  However,  we  often  con  say  what  amount  of 
information  is  presented  to  him,  but  we  do  not  know,  what  he  is  perceiving  1  Only  under  some  very  specific  conditions 
can  we  measure  the  direction  of  his  attention.  Eye  movement  recording  is  one  example  for  this  approach. 


4.2.2  Meosurement  of  physiological  parameters 

A  mental  workload  affects  the  physiological  condition  of  the  human  operator.  The  question  arises:  is  one  able  to  draw 
clear  enough  conclusions  from  the  physiological  data  concerning  mental  workload  level  ?  The  answer  to  this  has  not 
yet  been  given.  The  great  problem  still  exists  of  the  physiological  results  also  depending  on  other  quantities  such  as 
physical  labour,  environmental  conditions  like  temperature,  air  humidity  etc.,  and  on  the  state  of  health  of  the  subject 
concerned  [l]  . 

Besides  these  intraindividual  variations  there  is  a  strong  interindividual  variability.  This  means,  the  investigator  has  to 
be  very  careful  in  the  mathematical  processing  of  his  experimental  data  of  different  subjects  (averaging  etc.). 

On  the  other  hand  it  has  to  be  pointed  out  at  this  time,  that  many  methods  which  seemed  to  be  useful,  such  as  adrenalin- 
measurement  (which  gives  an  integrated  measure  of  the  effect  of  human  effort  over  a  certain  period  of  work)  or  brain 
wave  recording,  are  only  applicable  in  defined  laboratory  conditions  but  not  in  flight. 

4.2.3  Measuring  the  performance  capacity  by  subsidiary  tasks 


The  less  the  human  operator  is  taken  up  with  his  main  task,  the  more  capacity  he  has  available  for  secondary  tasks.  With 
a  certain  amount  of  restriction  (coupling  main-side  task)  the  performance  for  the  secondary  task  can  be  made  to  serve  as 
a  measuring  element.  Secondary  tasks  can  be  as  follows: 

Mathematical  test  (such  as  Duker  test) 

Simple  time-reaction  tests 

Choice-reaction  tests 

Tapping  tests 

Additional  control  tasks 


While  the  first  four  types  are  being  investigated  at  different  places  in  Europe,  the  Americans  have  used  an  adaptive 
tracking  task  with  much  success  during  the  last  years.  If  the  main  task  is  carried  out  successfully  then  the  degree  of 
difficulty  of  the  secondary  fade  is  increased  until  the  performance  for  the  main  task  decreases.  Vice  versa:  the  degree 
of  difficulty  for  the  secondary  task  decreases  again,  when  the  errors  for  the  main  task  increase  too  much.  In  accordance 
with  American  results  this  type  is  much  more  sensitive  regarding  the  changes  in  the  main  task  as  compared  with  those 
of  the  above  mentioned  fixed  tasks.  The  high  degree  of  motivation  of  the  subjects  is  worth  mentioning;  it  is  maintained 
also  for  longer  test  series.  The  reason  for  this  being,  that  although  the  demands  of  the  system  vary,  the  humcn  operator 
never  becomes  over-  or  underdemandsdfor  longer  periods.  Tests  carried  out  here  have  confirmed  the  useability  of  this 
method. 


aloration  of  subjective  data 


The  most  used  method  and  the  one  requiring  the  least  effort  is  questioning  the  subjects,  i.e.  obtaining  a  subjective 
answer  regarding  the  degree  of  demand.  This  method,  in  particular,  requires  a  lot  of  care,  in  order  to  obtain  the  verbal 
data  from  the  subjects  and  to  arrange  them  in  a  uniform,  i.e.  in  a  comparative  manner,  without  the  influence  of  the 
questioner  entering  into  the  answers  given. 

Apart  from  that,  it  is  impossible  to  obtain  a  continuous  measuring  value,  as  the  answers  comprise  medium  values  for 
certain  periods  of  time. 

A  special  problem  is  the  "linearisation"  of  such  rating  scales  and  the  standardization  of  the  demand  reaction  level  of 
the  individual  subject. 

Examples  are  the  Groper-Harper  scale  and  bipolar  scales  (0  =  zero  workload,  1 00  =  highest  possible  workload). 
4.2.5  Learning  effort 

The  effort  of  learning  has  not  been  much  observed  up  to  now,  it  seems,  i.e.  the  time  taken  for  the  human  operator,  in 
acquiring  the  dynamics  of  a  system  in  such  a  way,  so  that  he  is  able  to  react  by  a  control  signal  appropriately  adjusted 
in  its  direction  and  size.  Apart  from  long-term  learning,  motivation,  tiring  effects  etc.,  this  state  becomes  apparent 
when  the  error  time  curve  becomes  parallel  to  the  time-axis.  Another  measuring  method  may  possibly  be,  amongst 
other  things,  a  change  in  frequency  and  damping  value  of  the  time  variable  error  curve.  However,  this  is  not  proved 
up  to  now. 

When  cdopting  this  method  the  considerable  effort  is  in  respect  of  the  subjects,  as  one  cannot,  for  instance,  use  a  few 
experienced  test  pilots  (1  -2).  One  has  to  make  use  of  so  called  "virgins",  who  have  no  experience  with  the  control  of 
such  dynamics  (e.g.  learner-pi  lets). 

The  choice  of  one  or  the  other  method  should  be  made  depending  on  how  many  aircraft  of  this  type  will  be  put  into 
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4.2.6  Effect!  veness 

The  measurement  of  effectiveness  of  a  control  unit  and  also  of  the  human  controller  is  the  degree  of  achievement  of 
the  task.  This  seems  quite  obvious,  but  as  will  be  seen,  is  a  very  difficult  state  to  realize  in  actual  life.  It  depends 
strongly  on  what  has  been  defined  to  be  the  fulfilment  of  the  task  or  in  the  contrary  the  error  dimension. 

As  regards  experimental  psychology,  on  the  findings  of  which  Human  Engineering  or  Anthropotechnics  is  also  based, 
one  often  uses  time  as  a  measuring  element. 

After  1945  the  emphasis  was  on  target  designation  using  "time  on  target"  (ToT)  as  the  performance  measure.  Here,  the 
error  is  often  made  to  directly  sum  up  the  value  that  were  measured  at  irregular  intervals,  in  order  to  formulate  medium 
values  and  thus  arriving  at  learning  curves  etc.  According  to  Kelley  mostly  a  conversion  to  equidistant  intervals  is 
required  before  a  comparision  with  other  measurements  is  possible  3  .  Accordingly  about  50  %  more  measuring  data 
is  generally  necessary  for  a  comparison  with  amplitude  measurements. 

Measurements  are  nowadays  preferred  that  describe  the  error  amplitude  and  its  distribution.  A  successful  measurement 
is  the  medium  squared  error,  i.e.  the  difference  between  the  actual  and  the  nominal  values,  and  established  for  short 
time  intervals. 

Presentation  of  these  values,  within  a  time  frame,  also  supplies  the  sequence  of  learning,  if  the  time  intervals  are 
selected  sufficiently  short. 

If  the  in  ervals  are  chosen  equal  to  test  time,  then  one  obtains  the  one  measuring  data  frequently  desired  for  com¬ 
parisons. 

It  often  proves  essential  to  already  differentiate  for  a  1  -dimensional  control  task  between  the  acceptable  deviations; 
this  becomes  clear  with  the  example  of  a  vertical  control  of  an  approaching  aircraft  and  its  upward  and  downward 
deviations.  In  these  instances  a  measuring  factor  proves  efficient  that  registers  distribution  of  relative  errors,  i.e. 
the  absolute  value  to  the  pre-selected  acceptable  maximum  error.  Here,  one  can  especially  take  into  account  the 
locally  dependent  changes  of  the  tolerable  maximum  value. 


5.  Conclusions 

This  very  short  introduction  does  noi  cover  all  the  aspects  of  pilot  workload  measurements,  but  we  feel  it  may  be  used 
as  a  basis  for  discussions. 

In  spite  of  all  the  research  effort  which  has  been  spent  on  this  subject,  it  has  to  be  clearly  said  that  there  is  up  to  now 
no  inflight-method  for  continuous  precise  measurement  of  mental  load,  which  could  help  us  to  adapt  the  machine  to 
the  human  pilot. 
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THEORETICAL  PILOT  RATING  PREDICTIONS 
by 

Ronald  0.  Anderson 
AF  Flight  rynamics  Laboratory 
V'right-Patterson  AFB,  Olio  1)51*33 
U.S.A. 


SUMMARY 

The  present  method  of  specifying  flying  qualities  leaves  much  to  be  desired  when  the  designer  is 
l a'  coping  with  relatively  new  flight  regions  (e.g.,  lifting  reentry)*  (b)  evaluating  new  and  promising 
control  concepts  (e.g.,  load  alleviation  and  mode  stabilization),  and  (c)  using  the  specifications 
d.-.rectly  as  design  information  for  the  synthesis  of  flight  control  augmentation  systems.  These  short¬ 
comings  might  be  overcome  by  one  or  more  new  methods  that  have  recently  been  suggested.  These  range 
from  the  expansion  of  the  classical  approach  to  new  dimensions  (i.e.,  catalog  past  experience  including 
new  parameters  such  as  "effective"  control  system  time  constant)  to  somewhat  radical  approaches  that  rely 
completely  on  theoretical  predictions  of  pilot  ratings.  Each  new  approach  has  its  own  limitations,  but 
the  results  of  some  very  recent  work  indicated  that  the  prediction  of  pilot  ratings  can  be  done  fairly 
accurately;  in  fact,  within  the  normal  range  of  pilot-to-pilot  variability.  It  would  seem,  then,  that 
this  prediction  capability  could  be  used  to  specify  flying  qualities.  That  is,  with  a  well  defined 
"prediction  procedure"  (similar  to  "accepted  methods"  of  predicting  aircraft  loads)  the  aircraft  can  be 
designed  to  meet  a  level  of  predicted  pilot  acceptance  (rating)  instead  of  designing  to  limits  of  static 
stability,  short-period  frequency  and  damping,  etc.  True,  one  cannot  directly  rely  on  flight  testing  to 
show  compliance,  but  one  can  use  a  flight-test-proven  dynamic  model  of  the  aircraft,  with  the  same  rating 
prediction  procedure,  to  demonstrate  compliance.  Of  course,  the  latter  approach  is  only  as  good  as  the 
prediction  method.  The  admittedly  biased  author  feels,  however,  that  the  advantages  of  this  approach 
greatly  outweigh  the  residual  inaccuracies,  and  the  time  for  acceptance  is  near.  At  least  a  few  United 
States  aircraft  companies  feel  this  way  also.  The  final  answer  to  the  question  "are  theoretical  pilot 
ratings  ready  for  application?"  is  left  to  the  reader  for  due  consideration.  But  even  better,  try  it  fov 
yourself.  "Paper  Pilot"  computer  programs  are  available  upon  request. 

IS  A  HEW  APPROACH  NEEDED? 

The  accepted  method  of  establishing  handling  qualities  criteria  through,  the  correlation  of  pilot 
acceptance  with  open-loop  yehicle  dynamic  characteristics  of  existing  aircraft  has  certainly  served  the 
test  of  time.  Nonetheless,  most  workers  in  this  field  are  well  aware  of  the  inherent  limitations  in  this 
approach.  As  a  point  of  departure,  a  few  of  these  deficiencies  are  listed  below: 

(a)  extrapolating  past  experience  into  entirely  new  flight  regions  is  difficult  at  hest.  For 
example,  the  new  V/STOL  specification  (Reference  1)  and  the  very  new  reentry  yehicle  specification  (Ref¬ 
erence  2)  were  difficult  to  generate  simply  because  of  a  lack  of  past  experience  in  these  flight  regions. 

The  new  specifications  are  finished,  but  everyone  involved  in  their  preparation  is  probably  quite  willing 
to  admit  that  further  refinement  based  on  additional  data  will  be  necessary. 

(b)  whenever  the  vehicle  doesn't  "fly  like  an  aircraft"  the  present  criteria  are  of  little  value. 

For  example,  when  the  pitch  response  is  not  predominantly  that  of  a  second-order  system,  short-period 
frequency  aad  damping  ratio  requirements  cannot  be  applied.  This  has  not  been  a  large  problem  in  the 
past,  but  current  trends  are  towards  more  reliance  on  augmentation  system,  the  necessity  to  consider  high- 
order  dynamics  such  as  flexibility  effects,  and  the  possible  employment  of  unconventional  types  of  control 
as  with  control  configured  vehicles  (Reference  3).  In  each  case,  the  pilot  may  experience  effective 
dynamics  that  are  quite  "un-aircraft-like".  This  problem  is,  of  course,  closely  related  to  the  previous 
item. 

(c)  the  form  of  the  current  specifications  is  not  necessarily  conducive  to  direct  flight  control 
synthesis.  Control  system  designers  have  argued  that  they  must  design  a  system  first  and  then,  if  possible, 
evaluate  the  augmented  aircraft  dynamics  in  terms  of  the  handling  qualities  specifications.  Although 
strides  have  been  made  to  remedy  this  problem  (Reference  ) ,  a  universal  answer  is  not  yet  available. 

(d)  the  origin  and/or  reason  behind  a  specific  requirement  is  often  not  clear.  Despite  the  fact 
that  background  information  of  the  form  presented  in  Reference  1  is  available,  the  physical  reasons  why 
pilots  do  or  do  not  want  a  certain  dynamic  response  are  often  unknown.  Certainly  everyone  wishes  to 
expand  our  understanding  in  this  area. 

(e)  the  present  specifications  do  not  adequately  address  tne  atmospheric  disturbance  question.  It  is 
known,  for  example,  that  the  same  vehicle  can  be  rated  very  di Yferently  in  mild  versus  heavy  turbulence. 
However,  the  specified  linear  analysis  parameters,  such  as  natural  frequency  and  damping  ratio,  do  not 
change  with  the  magnitude  of  the  gust  disturbance  (unless  nonlinear  control  system  effects  arc  present). 

Yet  pilot  acceptance  with  linear  systems  does  vary  with  disturbance  level.  Improvements  in  this  respect 
are  obviously  in  order.  The  above  facts  at  least  suggest  that  some  new  approach  may  be  in  order.  The 
need  became  even  more  rpparent,  however,  in  connection  with  the  hover  dynamic  requirements  presented  in 
Reference  1.  This  problem  is  covered  in  Paper  No.  6  (Refererce  6)  in  more  detail,  but  in  short  the  speci¬ 
fication  appeared  -,o  be  a  function  of  the  type  of  augmentation  system  being  used.  This,  in  turn,  opened 
the  door  to  the  consideration  of  all  possible  augmentation  systems,  with  separate  flying  quality  require¬ 
ments  for  each.  Such  an  approach  is,  r.f  course,  quite  unacceptable. 

WHAT  ALTERNATIVES  ARE  AVAILABLE? 

Accepting  the  need  for  some  alternate  approaches  to  specifying  handling  qualities,  there  are  at  least 
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a  few  candidates  that  are  being,  or  have  been,  considered.  The  simplest  method  is  to  expand  the  catalog 
of  data,  using  simulators  or  variable  stability  aircraft,  to  include  variations  of  pilot  acceptance  with 
commonly  used  aircraft  dynamic  characteristics  plus  an  "effective  system"  representation  of  other  non¬ 
aircraft-like  dynamics.  "Effective"  means  a  generalized,  yet  simple,  representation  that  will,  hopefully, 
fit  many  future  designs.  Such  an  effort  is  reported  in  Reference  5.  This  concept  is  straightforward, 
but  to  include  all  types  of  possible  vehicle/control-system  concepts  requires  an  endless  series  of  data 
collections. 


Another  approach  currently  gaining  favor  is  some  form  of  time  history  matching.  Again,  Paper  No.  6 
(Reference  6)  discusses  such  an  approach  to  the  specification  of  lover  dynamic  requirements.  This  approach 
also  relies  on  an  "effective"  representation  of  a  high  order  dynamic  system  with  a  low  order  equivalent, 
however,  its  simplicity  is  appealing. 
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Another  whole  class  of  new  approaches  centers  on  the  use  of  pilot  models  in  one  form  or  another.  No 
attempt  will  be  made  here  to  review  pilot  modeling  and  human  response  theory  per  se.  Instead,  only  the 
more  recent  references  that  relate  pilot  models  and  handling  qualities  will  be  discussed.  For  a  condensed 
summary  of  this  field  see  Reference  15. 

Reference  7  contains  a  good  summary  of  pilot  modeling  as  related  to  pilot  acceptance  ratings  in 
particular,  and  handling  qualities  in  general ,  as  of  1968.  The  ideas  and  data  presented  show  a  good  quan¬ 
titative  correlation  of  pilot  ratings  with  closed-loop  performance  and  pilot  model  parameters.  Similar 
trends  have  been  used  before  to  qualitatively  evaluate  handling  qualities.  Later,  Reference  8-10,  end 
Reference  6  to  a  certain  degree,  used  these  observations  to  perform  some  type  of  theoretical  flying  quali¬ 
ties  predictions  or  analyses. 

In  particular,  Adams  (Reference  8)  showed  a  somewhat  quantitative  correlation  of  pilot  rating  and 
predicted  closed-loop  time  constants  using  relatively  simple  pilot  models.  The  effect  of  turbulence  was 
not  considered,  however,  and  no  attempt  was  made  to  formalize  the  procedure  into  a  specification  form. 

His  approach  does,  however,  provide  a  rough  estimate  of  pilot  acceptance. 

Neal  and  Smith  (Reference  5)  also  used  pilot  models  to  explain  the  data  obtained  during  a  fairly 
resent  in-flight  simulation  program.  Furthermore,  they  showed  good  correlation  between  pilot  rating, 
performance  (in  this  case  "closed-loop  resonance"),  and  pilot  model  parameters  (pilot  lead  or  lag).  For 
the  pitch  control  case,  they  indicate  how  certain  frequency-domain  open-loop  parameters  (these  include 
the  effects  of  control  system  dynamics)  can  be  used  to  evaluate  closed-loop  characteristics  and  pilot 
acceptance.  Both  their  open  and  closed-loop  parameters  could  be  used  as  the  basis  for  specifications, 
but  ti.“  authors  do  not  specifically  propose  this.  Perhaps  this  omission  is  due  to  the  fact  that  the 
closed- loon  parameters  must  be  obtained  with  a  somewhat  "arty"  application  of  pilot-vehicle  analysis  theory. 
That  is,  one  person  may  arrive  at  one  conclusion,  while  another  person  using  the  same  inputs  produces  a 
different  result.  Their  open-loop  parameter  criterion,  in  turn,  is  proposed  only  as  a  "quicky"  evaluation 
method;  it  is  a  somewhat  oversimplified  procedure.  In  any  event,  turbulence  effects  are  not  accounted  for 
in  these  evaluation  procedures.  This  work  is,  however,  being  extended,  and  some  of  the  above  problems  may 
be  resolved. 

While  turbulence  effects  ore  not  accounted  for  in  any  of  the  above  approaches,  Onstott  and  Salmon 
(Reference  10)  show  that  performance  (in  terms  of  root-mean-square-tracking  errors)  in  turbulence  can  be 
predicted  using  pilot  models.  Their  correlation  of  these  predictions  with  ratings  is,  unfortunately, 
limited.  This  work  is  also  continuing. 
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Finally,  Franklin  (Reference  l6)  shows  good  correlations  between  pilot  ratings  and  closed-loop 
performance  and  workload  (in  this  case  root-mean-square  control  inputs)  in  turbulence.  Pilot-vehicle 
analyses  are  also  included  to  explain  the  results  obtained,  but  no  actual  rating  predictions  are  given. 

Each  of  the  above  programs  shows  some  degree  of  success  in  the  theoretical  prediction  of  pilot 
opinion  ratings.  There  remains  a  gap,  however,  between  these  efforts  8nd  an  actual  specification  format. 
Reference  9  attempts  to  fill  this  gap,  and  a  discussion  of  the  approach  used  in  this  reference,  and  quan¬ 
titative  results  to  date,  forma  the  remaining  portion  of  this  discussion.  Before  going  into  this  method, 
however,  it  should  he  pointed  out  that  all  of  the  above  pilot  model  applications  attempt  to  predict  pilot 
opinion  ratings.  This  is  primarily  because  these  ratings  are  currently  the  ve.y  basis  of  the  existing 
U.S.  Specifications  (e.g. ,  References  1  and  2).  Therefore,  it  seems  that  any  alternate  approaches  most 
of  necessity  deal  directly  vith  pilot  ratings.  Thi-  may  or  may  not  be  true,  but  it  is  assumed  to  be  the 
ewe  for  this  discussion. 

THE  "PAPER  PILOT"  APPROACH 

Reference  9  describes  another  alternate  approach  based  on  pilot  models.  Specifically,  the  longitu¬ 
dinal  dynamics  of  an  aircraft  in  hover,  with  longitudinal  random  gust  disturbances ,  are  considered.  A 
procedure  is  described  whereby  a  theoretical  rating  prediction  is  based  on  the  following  expression 
(Cooper  Rating): 

R=R^+R2+R3+1 • 0 

P.jL  is  a  function  of  closed-loop  performance  in  keeping  displacement  snd  attitude  to  a  threshold  level: 

Rx  =  ;  0=ox  +  I0Oq :  0<R,<2.5 

and:  cx  =  standard  deviation  of  longitudinal  displacement  (x)  in  feet. 

0^  =  standard  deviation  of  pitch  rate  (q)  in  rad/sec. 
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1<2  is  a  function  of  the  lead  the  pilot  furnishes  in  pitch  to  get  that  performance: 
R2=2.5Tl9  =  Pilot  lead  tire  constant  in  pitch  (sec) 


R2<3.25  O<TL0<5.O 

R^  is  a  function  of  pilot  lead  in  longitudinal  displacement: 

Rg=TL^<1.20  =  Pilot  lead  time  constant  in  longitudinal  displacement  (sec) 

The  pilot  model  is  specified  to  have  the  following  form: 

'  -xl  ^(T^s+i)  e7*^17  ■*"  ,<cPe {'rLeSTl )e~TS  ”~6e 

where  the  time  delay  t  is  0.1)1)  seconds,  and  e“ts  may  be  approximated  by 

0  =  pitch  attitude 
s  =  Laplace  variable 

6e  =  Longitudinal  control  input  to  the  vehicle 
kp^  and  kpQ  are  pilot  model  gains  in  displacement  and  pitch. 

Using  the  above  "pilot"  and  a  linear  simulation  of  the  vehicle  dynamics  while  hovering  in  turbulence, 
the  pilot  model  parameters  are  adjusted  (within  the  given  bounds)  until  the  predicted  rating  is  minimized 
within  a  boundary  on  closed-loop  stability.  Other  details  (e.g. ,  gust  spectral  density,  minimization 
procedures,  etc.)  are  contained  in  Appendis  B  of  Reference  9* 

This  may  seem  like  quite  a  complicated  procedure,  but  it  is  supposed  to  sure  all  of  the  problems, 
associated  with  the  conventional  approach  listed  previously  (at  least  for  the  hoyer  task).  The  claim  is 
e™*at:  does  it  really  work? 

First  of  all,  this  procedure  does  an  amazing  Job  of  predicting  ratings  and  closed-loop  performance 
compared  to  a  series  of  fixed-base  simulations  performed  by  Vinje  and  Killer.  Hie  following  summarizes 
the  prediction  "errors"  for  some  76  .‘afferent  aircraft/gust  configurations  (Reference  11,  Table  V<; 


Parameter 

Mean  "Error"* 

"Error"  Standard  Deviation 

R 

.U 

.63 

00  (deg) 

-.70 

.1)8 

oQ  (deg/sec) 

-1.12 

.91 

0*  (ft) 

.28 

.W 

ou  (ft/sec) 

—  Ilf 

.21) 

*  =  average  difference  between  predicted  and  real  pilot  values. 

The  above  predictions  were  made  with  a  digital  computer  program  dubbed  the  "Paper  Pilot”  (Reference 
ll)  by  simply  inserting  vehicle  dynamics  and  gust  level  into  the  computer.  The  remainder  is  automatic! 

The  results  speak  for  themselves,  and  at  least  for  this  data  source  the  results  are  excellent.  Other  data 
sources  are  considered  in  Reference  9,  with  fairly  good  results  in  general. 

"CURES"  TO  PRESENT  SPECIFICATION  "ILLS" 

The  following  comments  apply  to  each  item  listed  previously: 

New  flight  regions:  Once  the  task  is  defined,  a  similar  p-ocedure  may  lead  to  valid  rating  predic¬ 
tions.  This,  however,  remains  to  be  prov*n.  Only  one  other  (non-hover)  task  has  been  considered  to  date 
(Reference  12).  In  that  case,  the  Paper  Pilot  concept  vas  applied  to  pitch  attitude  control  of  conven¬ 
tional  aircraft.  The  sane  pilot  lead  term,  R2,  was  used  as  in  the  hover  inner  (pitch)  loop,  but  the 
performance  term,  Rj,  was  changed  to: 

Rl  ~  oTjjffcc 


0  =  oe/oj , 


R  <  10 


and  o,.  is  tne  standard  deviation  in  pitch  tracking  error  {c=i-fl)  and  oj  is  the  standard  deviation  in  the 
random  command  inpuz  (i).  The  performance  term  had  to  be  changed  from  the  hover  task  expression  to 
reflect  the  'cormand  input"  versus  "atmospheric  disturbance''  tasks,  as  well  as  to  represent  the  proper 
control  parameter  The  constants  in  the  performance  term  were  selected  to  match  a  set  of  firen-base 
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simulator  data  obtained  by  Hall  (Reference  13)  in  1958.  These  "old"  data  were  U3ed  because  actual  pilot 
model  parameters,  and  performance  measures,  are  recorded;  this  is  not  the  case  with  more  recent  data. 

The  Pitch  Paper  Pilot,  therefore,  does  provide  predictions  of  rating,  closed-loop  performance,  and  pilot 
parameters  as  does  the  Rover  Paper  Pilot.  In  both  cases  pilot  parameters  are  selected  by  the  computer 


to  minimize  pilot  rating.  In  this  case,  kpg  and  Tj^  are  found  using  a  time  delay,  t,  of  0.12  seconds. 


The  prediction  results  in  pitch  are  not  as  good  as  the  hover  correlations,  primarily  (we  believe) 
because  of  the  limited  data  base;  only  13  configurations  with  performance  and  pilot  parameter  values  are 
available  to  generate  the  rating  expression.  In  particular,  predictions  are  very  poor  when  the  open-loop 
short-period  damping  ratio  is  small  (below  about  0. iiO) .  The  Hall  data  correlations  follow. 


The  low  damping  ratio  cases  clearly  stand  out.  Recent,  unpublished,  results  indicate  that  a  better 
correlation  is  found  if  the  remnant  normally  associated  with  pilot  describing  functions  is  included  in 
the  computation  of  o.  However,  more  data  are  required  to  resolve  this  deficiency. 


Case 

Short  Period  Damping  Ratio 

"Paper  Pilot" 

Two  Other  Pilots 

a 

•  35 

10 

10 

10 

b 

•  75 

10 

10 

9.5 

c 

.20 

b.08 

10 

10 

d 

.35 

5.09 

7 

6 

e 

.75 

1.69 

■3 

2 

f 

1.0 

1.65 

6 

3 

6 

.20 

3.76 

10 

10 

h 

.50 

3.13 

2 

6 

i 

1.0 

3.20 

3 

1 

.20 

2.97 

5.5 

V 

V 

k 

.75 

2.1*7 

3 

2 

1 

.75 

2.0l* 

1* 

2 

m 

.35 

2.13 

" 

7 

Using  this  same  computer  program,  more  recent  data  from  in-flight  simulations  were  used  to  compare 
actual  and  predicted  ratings. 


These  results  are  presented  in  Reference  12.  The  correlations  with  th"  rest  recent  data  from  ST-33 
flights  (Reference  5)  are  shown  below:  (Cooper-Harper  ratings) 


Case 

Short  Period  Damping  Ratio 

"Paper  Pilot” 

Two  Other  Pilots 

ID 

.69 

3.11* 

1*.  5-5 

3-fc  | 

6c 

.67 

2.91 

4 

2.5-5  j 

2D 

.70 

2.11 

2.5-3 

2.5  i 

lA 

.28 

2.36 

5.5 

5 

5A 

.18 

2.1b 

7 

5-6 

7C 

.73 

1.92 

3-3 

1.5-1 

3A 

.63 

1.91 

w-5 

1-1 

6A 

•6s 

1.88 

2.5 

k 

( h— 3  indicates  repeat  ratings  of  same  configuration) 

1 

With  the  exception  of  the  low  damping  ratio  cases,  1A  and  5A,  the  results  are  fairly  good.  However, 
recalling  that  the  original  performance  tern  was  obtained  using  fixea-base  date  obtained  tvei'v  years 
before  the  n'T-33  in-flight  data,  and  the  fact  that  the  early  results  were  for  e.X2=and  tracking  while  tne 
latter  represented  "overall  flight  ratings",  we  believe  the  correlations  are  really  quite  good. 


In  summiry,  it  appears  that  the  approach  can  be  applied  to  other  tasks  and,  therefore,  perilous  to  new 
flight  regions  where  the  task  remains  the  same  as  that  for  the  original  data  base. 


Vehicle  Doesn't  "Fly  Like  an  Aircraft":  In  che  hover  case,  the  basic  prediction  procedure  was  used 
to  determine  the  effects  of  the  addition  of  a  first-oraer  lag  re  pres'- tat  ion  of  actuator  (or  ""ffective" 
control  system)  dynamics.  Early  results,  as  shown  in  nefercr.es  9,  follow: 


Case 

Actuator  Time  Constant 

"Paper  Pilot" 

Other  Pilot 

PH3 

0.10  sec. 

It.  11 

1.0 

FH3 

0.50  sec. 

5?3 

6.0 

More  recent  results  in  Reference  11  show  an  additional  18  different  rases  with  simulated  actuator 
lags,  stability  augmentation  system  logs,  or  both.  Actual  pilot  ratings  ranged  from  2.5  to  6.0  in  Cooper 
units,  yet  in  only  6  out  of  the  18  coses  did  tun  '''paper  pilot"  rating  differ  <"rom  the  real  .pilot  by  acre 
than  one  rating  unit!  The  largest  rating  error  woe  1.69  units! 


For  pitch  control,  the  same  computer  program  that  was  used  with  the  Hell  into  was  applied  directly 
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to  predict  similar  "effective"  control  system  dynamics,  as  presented  in  Reference  5,  based  upon  NT-33 
flight  tests.  The  results  for  damping  ratios  greater  than  0.3  are  shown  below  (the  cases  are  those  pre¬ 
sented  earlier,  only  with  the  simulated  actuator  added): 


Case 

Actuator  Tins  Constant 

"Paper  Pilot" 

Two  Other 

Pilots 

ID 

.20  sec. 

5.12 

6 

_ 

.50 

6.8j 

8 

8 

2.0 

9.bb 

8.5 

8.5 

6C 

.125 

3.76 

5.5 

__ 

.303 

5.30 

5. 5-8. 5 

7 

.80 

6.63 

6-8 

8.5-10 

2D 

.083 

2.1*3 

b 

| 1 

.20 

2.79 

3 

- 

.50 

3.50 

5-6 

5.5 

2.0 

6.06 

6 

6 

7C 

.053 

2.28 

5.5 

.125 

2.5b 

6 

5 

.303 

3.07 

3-b—  b 

7-7-7 

.50 

3.65 

5 

6 

.80 

b.7 6 

— 

5 

3A 

.083 

2.10 

b-5 

.20 

2.25 

b 

3 

.50 

2.82 

b 

it 

2.0 

5.72 

b 

b 

8a 

.053 

1.91 

3.5 

__ 

.125 

2.55 

3.5 

3 

.303 

3.18 

2 

b 

.80 

3.22 

2.5-3 

5 

With  tne  exception  of  the  3A  block  of  data  (where  the  real  pilots  apparently  were  "unconcerned"  about  a 
two  second  time  constant  actuator! )  these  results  are  considered  very  good.  Note  that  over  all  of  the 
cases  the  predicted  ratings  span  fro®  1.9  tc  9- bb  (Cooper-Harper  Units),  while  the  "other"  (real) 
pilots*  ratings  vaiy  from  2  to  10;  clearly  this  approach  can  handle  a  large  rating  range  with  quite 
reasonable  accuracy. 

A  final  example  of  nor.-oi rcraft-like  dynamics  cones  from  Reference  11.  In  this  hover  task,  the 
effects  of  artificial  rate  damping  saturation  were  investigated.  In  turn.  Paper  Pilot  was  used  with  the 
nonlinear  element  replaced  by  its  random  process  describing  function.  The  results  follow: 


— 

Case 

"Paper  Pilot" 

Other  Pilot 

Ril 

b.6 

k 

PN2 

5.7 

5-5 

PiJ3 

5.8 

6 

Rased  on  this  admittedly  limited  sample,  the  ability  of  the  approach  to  handle  nonlinear  effects  is 
rather  dramatic  at  best,  and  worthy  of  further  study  at  worst. 

In  summary,  attempts  to  cate  to  predict  nor.- sircr&ft-iike  configurations  with  a  procedure  based 
solely  on  aircraft-like  data  have  been  successful. 

Control  System  Synthesis:  Having  the  capability  tc  predict  pilot  acceptance  for  a  specific  flight 
task  immediately  suggests  u^ing  the  same  procedure  to  design  flight  control  systems.  Reference  lb  pre¬ 
sents  just  such  a  procedure  using  the  Pitch  Paper  Pilot.  Briefly,  a  performance  measure  of  the  form: 

J=R+kos2 

is  selected,  where  E  is  pilot  rating  (es  predicted  by  Paper  Pilot),  k  is  a  constant,  and  os  is  the  stan¬ 
dard  deviation  of  elevator  deflection  rate  caused  by  toe  stability  augmentation  system  (not  the  pilot). 

A  digital  computer  program  is  iced  to  find  control  system  feedback  gains  {in  this  case  for  pitch  rate 
and  normal  acceleration)  that  minimise  u  for  a  giwji  value  of  k.  Then  as  k  is  varied,  a  configuration 
is  found  that  satisfies  o-<oA  where  oa  is  the  allowed  authority  of  the  stability  augmentation  system. 

The  result  is  on  augmentation  system  providing  ti.c  "best"  flying  qualities  (minimum  R)  for  the  allowable 
authority. 
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The  whole  procedure  has  been  programmed  for  the  digital  computer  to  provide  an  "automatic"  system 
design.  The  system  so  designed  gave  the  augmented-airframe  characteristics  shown  in  the  following  table 
(Reference  lM: 


The  resulting  natural  frequencies  (rad/sec)  and  damping  ratios  for  the  six  flight  conditions  of  a 
T-33  aircraft  fall  in  the  mid  range  of  allowable  values. 

The  procedure  can  also  be  used  (see  Reference  ll»)  to  select  augmentation  authorities  to  meet  a 
specified  pilot  rating  value.  Using  this  approach,  design  trade-offs  become  apparent. 

In  summary,  the  above  results  are  very  encouraging,  suggesting  that  this  method  or  some  derivative 
of  it  can  easily  be  used  to  synthesize  flight  control  systems. 

Atmospheric  disturbances:  As  noted  earlier,  pilot  models  can  be  used  to  predict  closed-loop 
performance  under  varying  intensities  of  random  turbulence  (Reference  10).  Since  Paper  Pilot  also  pre¬ 
dicts  this  performance  and  ratings  as  well,  the  approach  should  be  very  useful  in  this  respect.  Only  a 
few  examples  are  available  to  date.  One  is  shown  below  for  hover  (Reference  ll): 


where  everything  was  the  same  except  for  the  gust  standard  deviation,  cg-  The  turbulence-induced  rating 
degradation  is  predicted  quite  well. 

Once  the  follow-on  results  to  Reference  10  sre  available  (this  newer  work  includes  longitudinal 
data)  further  examples  can  be  prepared. 

Reasons  for  the  Requirement:  Using  the  Paper  Pilot  approach,  the  reason  for  the  requirement  is 
quite  apparent.  That  is,  the  pilot  oust  be  able  to  obtain  good  task  performance  (in  the  sense  of  root- 
mean  -square  tracking  errors)  with  a  minimum  workload  {in  te;-ms  of  pilot  lead  generation)  before  the 
flying  qualities  are  considered  acceptable.  As  utnospneric  turbulence  intensity  increases,  performance 
and  rating  degrade.  If  higher-order  aircraft  dynamics  (e.g. ,  actuator  dynamics)  necessitate  increased 
pilot  workload  (lead),  ratings  will  be  degraded.  The  designer  can  examine  the  contribution  of  perform¬ 
ance  and  pilot  parameter  to  the  rating.  Thus,  t.he  reasons  for  the  rating  become  very  easy  to  understand 
for  a  given  task  requirement. 

"PAPER  PILOT”  PROBLEMS 

Certainly  there  is  another  side  to  the  story.  It  can  be  told  in  three  parts,  namely:  (a)  technical 
problems  associated  with  the  accuracy  of  the  method  (prediction  accuracy),  (b)  technical  problems  associ¬ 
ated  with  implementation,  and  (c)  basic  concept  acceptance. 

The  technical  problem  of  prediction  accuracy  cannot  be  overlooked.  In  the  case  of  hover,  the  method 
has  never  really  "failed",  in  that  it  always  produced  a  "rather  accurate"  estimation  of  actual  pilot 
ratings.  Pitch  control  applications  have  not  been  as  successful.  In  particular,  cases  of  low  damping 
ratio  and  high  natural  frequency,  as  mentioned  earlier,  nave  posed  a  problem.  More  work  i.:  needed  in  this 
respect.  Also,  applications  to  more  than  one  tass  at  a  time  may  not  be  possible.  This  is  not  really  a 
problem  for  this  method  alone,  however,  since  the  current  specification  method  is  likewise  limited. 
Secondly,  perhaps  applications  to  other  tasks  will  not  be  as  successful.  This  remains  to  be  seen. 

Finally,  Paper  Pilot  must  hove  an  accurately-defined  control  task.  This  is  not  always  easy  to  establish. 

Technical  problems  of  application  are,  perhaps,  more  serious.  In  particular,  just  how  one  shows 
compliance  with  a  "theoretical”  requirement  may  be  the  biggest  problem.  The  approach  cannot  be  flight 
tested  in  the  usual  sense.  That  is,  while  a  hardware-type  pilot  model  might  be  mechanized,  it  would 
also  take  a  "standard  gust"  day  to  verily  a  design  directly.  However,  flight  tests  could  be  conducted  to 
arrive  at  the  best  possible  dynamic  representation  of  the  vehicle,  and  these  data  used  as  Si  outs  to  the 
computer  program  for  a  rating  verification.  Another  approach  would  be  to  simulate  gust  inputs  during 


flight  test,  measure  actual  closed-loop  performance  with  real  pilots,  and  reduce  time  history  data  to 
obtain  measured  pilot  parameters.  Then  the  specified  rating  expression  could  bn  evaluated  using  these 
parameters  to  demonstrate  compliance. 

The  final  problem,  concept  acceptance,  has  been  intereating.  Comments  on  the  alternate  hover 
requirements  discussed  in  Reference  9  ranged  all  the  way  from  "great"  to  "ludicrous". 

Paper  Number  6  (Reference  6)  discusses  the  general  trand  of  replies  to  this  alternate.  In  short, 
most  constructive  comments  were  of  the  type  "...  too  new,  not  enough  proof..."  and  "...  cannot  flight 
test  to  show  compliance." 

nonetheless,  it  is  known  from  private  communications  that  several  organizations  in  the  United  States 
are  using  the  Paper  Pilot  programs,  or  very  closely  related  pilot-vehicle  analysis  methods.  In- particular: 

Two  aircraft  companies  have  used  the  hover  computer  program.  One  chechtd 
the  results  against  V/STOL  aircraft  flight  data  with  "excellent"  results. 

The  other  is  using  the  program  for  company  funded  design  studies. 

Another  aircraft  company  is  using  similar  procedures  for  all  of  its 
current  systems  designs. 

An  autopilot  manufacturer  has  developed  his  own  version  of  the  hover 
computer  program,  extending  the  method  to  include  pilot  remnant. 

Specific  company  names  have  not  been  used  above  since  formal  reports  documenting  these  programs  are 
not  presently  available  and  some  of  the  work  itself  is  considered  company  proprietary. 

Perhaps  the  best  way,  however,  for  individuals  to  weigh  the  overall  concept  is  to  uee  it.  Paper 
Pilot  computer  programs  are  available  for  hover  and  for  pitch  attitude  control.  For  copies  of  these 
write: 

Paper  Pilot 
AKFDL/FGC 

Air  Force  Flight  Dynamics  Laboratory 
Wright-Patterson  AFB,  Ohio  b$b33 
U.S.A. 

Try  it! 
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D.M.  McGregor 
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Ottawa,  Ontario,  Canada 


Introduction 


Hie  information  contained  in  Mr-  Anderson's  presentation  on  "Theoretical  Pilot  Rating  Predictors" 
is  reviewed  and  some  of  the  data  analyzed  and  presented  in  a  form  different  from  that  of  the  paper. 

It  is  agreed  that  "the  present  method  of  specifying  flying  qualities  leaves  much  to  be  desired" 
and  some  sort  of  analytical  approach  to  the  determination  of  what  pilots  like  and  dislike  is  sorely  needed. 

I  am  sure  that  any  pilot  who  has  been  through  several  handling  qualities  programmes  during  which  the  same 
task  is  repeated  as  closely  as  possible  for  each  of  a  large  number  of  characteristics  will  concur.  Attempts 
in  the  past  to  correlate  pilot  ratings  with  performance  indices  or  the  placing  of  limits  on  a  variety  of 
closed  ’oop  parameters,  having  assumed  a  pilot  transfer  function,  have  met  with  only  moderate  success.  The 
concept  of  combining  both  these  approaches  to  predict  pilot  ratings  directly,  as  is  advocated  by  Mr.  Anderson, 
is  appealing  and,  intuitively,  has  merit.  Unfortunately,  the  data  presented  in  the  tables  do  not  appear  to 
support  the  claims  of  success  contained  in  the  text. 

A  detailed  analysis  of  one  set  of  data  was  undertaken  to  test  the  claims  made  and  is  contained  in 
this  critique.  Individual  comments  on  the  material  are  presented  in  the  order  of  the  original.  Only  the 
draft  of  the  paper  was  available  to  this  reviewer;  hence,  some  of  the  comments  may  not  be  applicable  to  the 
final  version.  The  reference  numbers  and  table  numbers  are  those  of  the  original  text  while  the  lettered 
reference  applies  to  this  critique. 


Maximum  Pilot  Ratings 

Each  component  of  the  Paper  Pilot  Rating  (PPR)  in  the  first-mentioned  experiment  (hovering)  was 
assigned  a  maximum  value  by  Mr.  Anderson  as  follows: 


1 

2.5 

max 

2 

3.25 

max 

[3 

1.20 

max 

When  these  were  combined  with  the  unity  factor  of  the  composite  rating  it  was  found  that  Rwrt  =  7.95.  How¬ 
ever,  the  data  shown  subsequently  contain  ratings  as  high  as  10!  This  discrepancy  could  not  be  resolved 
from  the  text. 

Comparison  of  Actual  and  Paper  Pilot  Ratings 

One  of  the  criticisms  of  numerical  pilot  rating  scales  as  opposed  to  adjectival  scales  is  that 
statistical  games  will  be  played  with  numbers  that  are  not  statistically  meaningful.  If  statistical  indices 
are  used  they  must  be  adequately  enough  defined  to  enable  the  reader  to  assess  their  validity  and  sufficient 
data  presented  to  allow  a  check  to  be  made  of  the  results. 

Table  1 


B 


pi 


The  results  presented  in  Table  1  (Ref  11,  Table  V)  appear  to  fail  into  both  these  traps  since 
neither  the  basic  data  were  readily  available  nor  were  the  terms  defined.  This  reviewer  interpreted  the 
parameters  "Mean  Error"  and  "Error  Standard  Deviation"  to  be 


Mean  Error 


I (PPR  -  Actual  Pilot  Rating) 
Humber  of  Ratings 


Error  Standard  Deviation 


/l(?PR  -  Actual  Pilot  Rating)2 
v  Humber  of  Ratings 


The  first  of  these  would  always  seem  to  be  capable  of  erring  on  the  low  side,  since  any  positive  and  nega¬ 
tive  errors  would  tend  to  compensate  one  another.  A  more  meaningful  index  would  be 


Kean  Error 


I I PPR  -  Actual  Pilot  Rating I 
Humber  of  Ratings 


but  even  this  is  of  doubtful  value.  Having  derived  statistical  evaluations  of  pilot  ratings  let  us  indulge 
in  some  to  make  a  comparison  with  Mr.  Anderson's  claims. 

Table  2 

Figure  1  is  a  plot  of  the  data  presented  in  Table  2  of  Mr.  Anderson's  paper.  It  is  seen  that  the 

"Paper  Pilot"  is  a  very  insensitive  individual  over  the  region  of  real  interest  in  the  rating  scale  -  from 

2  to  8  -  and  he  would  be  well  advised  to  take  up  another  line  of  work.  The  distribution  of  the  results 
appears  to  be  merely  scatter  about  a  constant  rating  line  of  approximately  1»  until  agreement  is  finally 
reached  (four  times)  in  the  upper  right  hand  corner  of  the  figure  (Pilot  Rating  •=  10).  At  that  extreme  the 

results  are,  in  general,  of  academic  interest  only  since  the  pilot  and  aircraft  have  long  since  parted 

company.  However,  the  data  were  analyzed  with  all  the  points  included  and  yielded  the  results  summarized 
in  the  figure. 
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Thai  ic,  the  quantities  defined  were  found  to  be: 

Mean  Error  =  1.5 

Kean  Error*  =  2.3 

Error  Standard  Deviation  =  3 

If  the  Paper  Pilot  is  assumed  constant  at  the  average  of  b  .6b  the  error  standard  deviation  increases  only 
0.1*5  to  3-1*5. 

In  addition  to  these  parameters,  a  least-squares  linear  fit  was  calculated  for  the  data.  It  can 
be  seen  to  be  quite  different  from  the  line  of  perfect  agreement  and,  indeed,  has  a  slope  of  only  0.1*1*  as 
compared  with  1.0  for  the  perfect  fit. 

Hie  standard  deviation  of  the  paper  pilot  ratings  from  the  least-squares  line  (which  apparently 
is  a  significant  parameter)  is  defined  as: 

/P  ( PPR  -  Least  Squares  PPR)* 

°LS  v  lumber  of  Eatings 


For  these  data 


=  2.0U 


To  obtain  a  measure  of  how  well  correlated  the  PPR  and  the  actual  pilots'  ratings  were,  a  so- 
called  Index  of  Correlation  was  computed  (Ref  A).  This  quantity  is  defined  as: 


■  4  -  V 


standard  deviation  relative  to  a  line  parallel  to  the  actual  pilot  rating 
axis  through  the  average  of  the  paper  pilot  ratings 


=  /US 

V  No. 


P(PPR  -  PPR)2 
No.  of  Ratings 


£(PPR) 

No.  of  Ratings 


For  the  data  of  Table  2, 


Consequently,  the  index  of  correlation  for  the  data  was  a  very  poor 


To  ensure  that  these  indications  of  a  poor  statistical  significance  were  not  entirely  due  to 
differences  between  the  two  participating  pilots,  their  ratings  were  cjmpared  as  shown  in  Figure  2. 

Although  this  comparison  was  not  conclusive, it  can  be  seen  that  the  least-squares  line  through  the  data 
comes  very  close  to  the  line  of  perfect  agreement  but  the  scatter  keeps  the  index  of  correlation  fairly 
low  at  0.85  which  is  still  much  better  than  the  paper  pilot’s  performance. 

It  would  appear  from  observing  the  array  of  points  in  Figure  1  that  one  could  almost  match  the 
performance  of  the  paper  pilot  by  merely  assuming  a  constant  pilot  rating.  When  this  was  done  at  a  rating 
of  I*. 6b,  the  arithmetic  average  of  the  PPP's,  the  error  standard  deviation  rose  only  0.1*5  rating  point 
to  3-1*5. 

Considering  these  points  leads  one  to  the  conclusion  that  the  paper  pilot  does  not  do  a  good  job 
with  the  data  of  Table  2. 

Table  3 

The  data  presented  in  Table  3  from  an  in-flight  experiment  reported  in  Reference  5  has  been  plot¬ 
ted  in  a  similar  fashion  to  that  described  above.  Figure  3  compares  the  paper  pilot  with  the  real  pilots 
while  Figure  b  compares  the  pilots  with  each  other.  A  statistical  analysis  of  these  data  was  not  performed, 
but  it  can  be  seen  readily  that  as  a  pilot  the  paper  variety  falls  well  outside  the  normal  range  of  pilot- 
to-pilot  variability.  Once  again  he  is  insensitive  to  changes  of  the  handling  qualities  and  it  would  appear 
that  a  constant  rating  of  approximately  2.5  would  replace  him  nicely.  Actually  the  least-squares  linear 
fit  does  show  a  slight  slope  of  0.16. 

No  such  criticisms  can  be  made  of  the  real  pilots,  since,  although  there  is  scatter  in  their 
ratings,  each  has  the  same  trend.  Kr.  Anderson  states  that  "with  the  exception  of  the  low  damping  cases, 
bA  and  5A,  (see  Fig.  3)  the  results  are  fairly  good."  However,  it  5s  in  the  region  of  cases  such  as  bA 
and  5A  -  with  pilot  ratings  of  5  to  7  -  wheie  pilots  experience  the  most  difficulty  in  arriving  at  a  con¬ 
clusion  and  a  device  such  as  the  paper  pilot  would  be  most  advantageous.  When  the  characteristics  are  good 
the  pilot  can  usually  tell  with  a  minimum  c.f  difficulty  and  when  they  get  very  poor  there  is  no  doubt  of 
the  numerical  value  t<-  be  assigned.  This  latter  point  is  adequately  illustrated  by  Figure  2  where  the  two 
pilots  converge  rapidly  as  a  rating  of  10  is  approached.  If  the  paper  pilot  fails  in  the  difficult  rating 
area  it  would  seen  to  be  of  questionable  value. 
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Results  from  Reference  1 1 


Unfortunately,  the  data  referred  to  in  Reference  11  were  not  available  to  this  reviewer,  but  the 
claims  made  concerning  them  in  Mr.  Anderson's  paper  are  not  surprising.  The  range  of  pilot  ratings  cited 
was  from  2.5  to  6.0.  If  the  paper  pilot  merely  predicted  the  mid-point  of  this  range,  b.25,  the  maximum 
error  would  never  exceed  1.75.  Hence,  the  statement  that  the  largest  error  was  only  1.69  does  not  indi¬ 
cate  very  startling  results.  The  fact  that  only  six  out  of  forty-eight  cases  were  in  error  by  more  than 
one  unit  is  encouraging,  however. 


Table  5 


The  data  presented  in  Table  5  are  plotted  in  Figure  5  and  are  seen  to  indicate  that  the  paper 
pilot  is  starting  to  learn  a  little  more  about  conformity.  Ho  detailed  statistical  analysis  was  performed 
on  these  data  due  to  a  lack  of  time.  Only  a  least-squares  linear  fit,  which  yielded  a  slope  of  0.68,  was 
calculated.  It  can  be  seen,  however,  that  the  paper  pilot  fairly  consistently  assigns  values  lower  than 
those  assigned  by  the  real  pilots  and  two  fairly  distinct  levels,  of  approximately  3  and  6,  seem  to  dominate 
the  graph. 


From  the  results  of  Table  3,  it  would  appear  that  the  performance  of  the  paper  pilot  would  be 
degraded  significantly  if  the  low  damping  cases  (cases  bA  and  5A)  had  been  considered  in  Table  5-  The  ex¬ 
clusion  of  them  from  the  analysis  appears  to  be  avoiding  an  area  in  which  the  paper  pilot  has  difficulties. 


Hor.-Linear  Effects 


The  three  cases  presented  in  Table  6  indicate  that  the  paper  pilot  holds  some  promise  for  the 
prediction  of  the  influence  of  non-linear  effects  on  handling  qualities,  but  it  may  be  premature  to  come 
to  this  conclusion  from  such  limited  data.  Some  types  of  non-linearities  would,  no  doubt,  cause  at  least 
as  much  difficulty  for  the  paper  pilot  as  they  cause  real  pilots.  An  example  of  this  is  the  problem  en¬ 
countered  in  several  Jet-VTOL  aircraft  where  handling  qualities  appear  to  be  satisfactory  as  long  as  the 
sideslip  is  held  below  a  certain  level.  Exceeding  this  critical  level,  however,  causes  a  rolling  moment 
larger  than  that  available  from  the  roll  control  system  and  the  pilot  loses  control.  If  the  limit  is  not 
exceeded, acceptable  or  even  satisfactory  ratings  can  result,  but  pushing  the  manoeuvre  Just  past  the  limit 
due  to  a  more  aggressive  performance  of  the  task  or  turbulence,  for  example ,  can  produce  an  entirely  un¬ 
acceptable  pilot  assessment.  Warning  devices  such  as  rudder  pedal  shakers  and  stick  pushers  are  used  to 
alleviate  such  problems  and  how  the  paper  pilot  could  account  for  the  very  non-linear  problem  and  the 
almost  mathematically  indescribable  fixes  is  not  appreciated. 


Table  7 


It  would  appear  that  a  constant  damping  ratio  of  0.8  would  be  as  useful  as  those  selected  by  the 
paper  pilot.  This  value  happens  to  land  almost  exactly  in  the  centre  of  the  MIL-F-8785B(ASG)  results 
shown  in  Table  7* 


Paper  Pilot  Problems 


Mr.  Anderson  has  pointed  out  several  of  the  difficulties  with  the  paper  pilot  approach  which 
seem  to  this  reviewer  to  almost  invalidate  its  usefulness  at  its  present  stage  of  development. 


Limited  Task 


Like  all  analytical  approaches  to  handling  qualities  criteria,  certain  pilot  inputs  and  outputs 
must  be  assumed.  The  real  pilot  responds  to  so  many  different  parameters,  the  weights  of  which  are  a 
function  of  the  phase  of  the  task  (and  are,  in  any  case,  unknown),  that  it  is  not  surprising  that  the  paper 
pilot  must  be  limited  to  a  single  task  to  achieve  any  semblance  of  success.  An  accurately  defined  control 
task,  as  required  by  this  system,  represents  a  very  small  percentage  of  the  flight  regime  of  any  aircraft. 


Verification  of  Paper  Pilot 


It  is  submitted  that  the  paper  pilot  rating  system  can  be  put  to  the  test  by  exactly  the  pro¬ 
cedures  outlined  above  to  verify  its  usefulness.  That  is,  meaningful  comparisons  with  actual  pilot  ratings 
obtained  from  flight  testing  with  such  devices  as  variable  stability  and  actual  aircraft. 


Acceptance 


This  reviewer  is  convinced  that  ell  that  is  necessary  for  a  reliable  analytical  method  of  predict¬ 
ing  pilot  ratings  to  gain  acceptance  is  to  be  able  to  show  that  it  works.  Certainly,  the  pilots  involved 
would  be  more  than  happy  if  they  could  avoid  the  repetitive  operation  of  data  acquisition  presently  used 
and  such  a  tool  would  bring  even  the  least  imaginative  handling  qualities  research  engineers  and  aircraft 
designers  a  flurry  of  excitement. 


The  basic  difficulty  of  any  analytical  approach  in  trying  to  replace  the  extremely  complex  sensing 
instrument  called  the  pilot  is  that  the  latter  is  able,  with  varying  degrees  of  success,  to  assess  the 
importance  of  a  myriad  of  parameters.  These,  for  example,  range  from  how  the  aircraft  responds  to  control 
inputs  and  external  disturbances  to  the  difficulties  encounteied  in  reaching  a  particular  switch  at  a  par¬ 
ticular  time  during  the  exercise. 


nevertheless,  a  paper  pilot  predictor  producing  positive  postulations  presents  possibilities  and 
should  be  pursued. 


Reference  A:  Daw,  D.F. ,  0.G.  Gould  and  D.M.  McGregor.  A  Flight  Investigation  of  the  Effects  of  Weathercock 
Stability  on  V/STOL  Aircraft  Directional  Handling  Qualities.  HRC,  HAE  Aero  Report  LR-bOO,  Kay 
196b. 
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RECENT  U.S.  NAVY  FLYING  QUALITIES  RESEARCH 
by 

Raymond  F.  Siewert 
Aerospace  Engineer 
Naval  Air  Systems  Command 
Department  of  the  Navy 
Washington,  D.C.  20360 


SUMMARY 

This  paper  presents  the  results  of  U.S.  Navy  sponsored  flying  qualities  research  conducted 
over  the  past  five  years.  Inflight  variable  stability  airplane  investigations  were  conducted  in  simu¬ 
lated  carrier  approaches  to  determine  the  effect  of  the  principle  Flying  Qualities  Parameters  on  approach 
performance.  Limits  have  been  established  on  the  values  of  the  major  longitudinal  and  lateral-directional 
parameters,  to  insure  good  carrier  approach  characteristics.  In  addition  to  the  carrier  approach  studies, 
moving  base  simulator  investigations  were  conducted  to  further  develop  PIO  criteria,  and  extend  the  air¬ 
craft  maneuvering  potential  at  high  angles-of-attack.  The  inclusion  of  maneuvering  force  gradient  and/or 
stick  sensitivity  has  been  determined  as  a  requirement  for  a  meaningful  PIO  criterion. 


LIST  OF  SYMBOLS 


Gravitational  Acceleration  Constant  -  32.2  feet/sec/sec. 


e 
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-  Longitudinal  Stick  Force  -  Pounds. 

-  Dihedral  Effect  -  Rad/sec/sec/Rad. 

-  Incremental  Lift  Due  to  Elevator  Deflection  -  feet/sec /sec. 

-  Incremental  Roll  Due  to  Lateral  Control  Deflection  -  Rad/sec/sec/in. 

-  Incremental  Pitching  Moment  Due  to  Elevator  Deflection  -  Rad/sec/sec/in. 

-  Incremental  Yawing  Moment  Due  to  Lateral  Control  Deflection  -  Rad/sec/sec/in. 

-  Aircraft  Normal  Load  Factor  -  g  units 

-  Normal  Load  Factor  Per  Unit  Angle-of-Attack  -  g  per  rad. 

-  Flight  Velocity  -  feet  per  second 

-  Altitude  Reversal  Parameter  -  1/sec. 

-  Angle-of-attack  -  Deg  or  rad. 

-  Roll  Mode  Time  Constant  -  sec. 


Tgp  -  Spiral  Mode  Time  Constant  -  sec. 

-  Thrust  Response  Time  Lay  -  sec. 

Wgp  -  Short  Period  Frequency  -  rad/sec. 

-  Lateral  Directional  Frequency  -  rad/sec. 

Wjyj,  -  V/STOL  Longitudinal  Short  Term  Mode  Frequency  -  Rad/sec. 

C5p  -  Short  Period  Damping  Ratio. 

-  Dutch  Roll  Damping  Ratio. 

?Sr  ~  V/STOL  Longitudinal  Short  Term  Mode  Damping  Ratio, 

y  -  Flight  Path  Angle  -  Deg. 
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INTRODUCTION 

U.S.  Navy  flying  qualities  research  has  traditionally  proceeded  along  two  broad  lines.  First, 
emphasis  is  put  on  seeking  answers  to  those  flying  qualities  problems  peculiar  to  Naval  aircraft  and 
secondly  to  contribute  to  the  solution  of  flying  qualities  problems  of  general  interest,  particularly  when 
a  unique  Navy  capability  or  facility  exists. 

The  operation  of  an  aircraft  from  a  ship  at  sea  is  probably  the  most  unique  and  well  known  of 
Navy  peculiar  problems.  The  landing  of  a  high  performance  aircraft  aboard  a  carrier  has  often  been 
described  as  the  most  demanding  and  dangerous  r  all  routine  aircraft  operations.  It  therefore  follows 
that  a  considerable  amount  of  Navy  flying  qua'  ties  research  is  directed  towird  improving  the  safety  and 
operational  capability  of  future  carrier  base'  aircraft. 

Utilization  of  the  human  centrifuge  at  the  Naval  Air  Development  Center  (NADC)  as  a  flying 
qualities  simulator  to  investigate  spins,  high  angle  of  attack  maneuvering  and  PIO  criteria  is  represen¬ 
tative  of  research  efforts  undertaken  to  exploit  a  unique  Navy  facility.  These  programs  are  again  aimed 
at  improving  the  safety  and  operational  capability  of  tactical  aircraft,  a  goal  which  has  always  motivated 
the  establishment  of  Navy  flying  qualities  research  objectives. 

This  paper  summarizes  the  results  of  Navy  sponsored  flying  qualities  research  over  the  past 
five  years.  Due  to  space  limitations,  only  the  highlights  of  the  various  programs  can  be  presented. 

Those  interested  in  more  detailed  results  and  analyses  are  invited  to  consult  the  references  from  which 
the  material  presented  herein  was  derived. 

DISCUSSION 


Carrier  Approach: 

During  the  past  several  years,  the  carrier  approach  problem  has  been  under  intensive  attack 
both  analytically  through  the  use  of  pilot  models,  and  experimentally  in  ground  based  simulators  and 
variable  stability  aircraft.  The  impetus  behind  this  continued  research  effort  has  been  to  reduce  the 
carrier  landing  accident  rate,  which  has  historically  exceeded  the  land  based  accident  rate  by  a  factor 
of  ten  or  greater.  The  present  paper  discusses  the  results  obtained  utilizing  the  Princeton  Variable 
Stability  Havion  in  simulated  carrier  approaches. 

Experimental  Procedure: 

The  variable  stability  airplane  used  in.  these  tests  was  a  single  engine,  propeller  driven, 
two  place  North  American  Navion.  A  complete  description  of  the  airplane  and  its  variable  stability  and 
turbulence  simulation  system  is  given  in  reference  (l).  Basically,  the  system  provides  independently 
variable  forces  and  moments  about  five  axes;  only  the  side  force  characteristics  of  the  airplane  are  not 
alterable.  However,  the  lateral  directional  simulation  was  not  compromised  since  the  sideforce  charac¬ 
teristics  in  slideslip  of  the  test  airplane  were  comparable  to  those  of  current  Jet  fighters ,  the  class 
of  airplane  which  was  bring  simulated.  The  airplane's  dynamic,  control,  and  turbulence  response 
characteristics  may  therefore  be  modified  ever  a  wide  range.  The  basic  evaluation  task  was  a  simulated 
landing  approach  to  an  aircraft  carrier.  The  simulated  approaches  were  made  to  the  Princeton  runway 
having  a  width  of  70  feet,  corresponding  to  the  painted  area  of  a  carrier  deck.  Glide  slope  information 
was  provided  by  an  optical  landing  aid  which  simulated  the  Fresnel  Lens  Optical  Landing  System  used  on 
all  Navy  carriers.  A  diagram  of  the  flight  procedure  appears  in  Figure  1.  YJith  the  exception  of  the 
variable  approach  speed  tests  to  be  discussed  later,  all  approaches  were  flown  at  sin  approach  speed  of 
105  knots  airspeed  approaching  a  carrier  with  30  knots  of  wind  over  deck.  The  entire  simulation, 
including  the  artificial  turbulence,  has  ueen  rated  by  Navy  carrier  qualified  pilots  to  be  quite  repre¬ 
sentative  of  the  task. 


Longitudinal 

The  longitudinal  control  task  in  carrier  approach  requires  extremely  tight  control  of  altitude 
and  airspeed  while  tracking  an  optical  glide  path  display  which  increases  in  sensitivity  as  the  aircraft 
nears  the  landing  spot.  This  in  turn  involves  the  interaction  of  all  of  the  aircraft  longitudinal 
response  and  control  modes.  These  have  been  studica  singularly  and  in  combination  with  the  following 
results: 

Short  Period  Frequency  and  Normal  Acceleration  Response: 

It  hej  now  become  accepted  that  the  basic  paramet< rs  governing  the  longitudinal  response 
characteristic.,  are  the  short-period  frequercy  and  the  normal  acceleration  per  unit  angle  of  attack.  In 
order  to  establish  limits  on  these  parameters,  several  flight  investigations  were  conducted  and  reported 
in  references  (2),  (3),  and  (U )  with  the  results  as  shown  in  Figure  2.  Also  included  to  demonstrate  the 
consistency  of  the  data  are  selected  points  from  an  U.S.  Air  Force  study  utilizing  the  Cornell  Variable 
Stability  T-33.  The  flight  data  are  coaparea  with  the  results  of  a  recent  U.S.  Navy  sponsored  moving 
base  simulator  study  of  reference  (5).  It  can  be  seen  that  while  the  flight  data  are  all  consistent  and 
agree  well  with  the  simulator  data  for  the  lower  frequency  values,  the  higher  frequency  boundary  of  the 
simulator  tends  to  be  extremely  conservative.  Thin  difference  may  be  due  to  two  methods  useu  to  fix  the 
control  system  characteristics  in  the  simulator  ar.d  the  aircraft.  In  the  aircraft  the  control  displace¬ 
ment  gradient  was  held  constant,  thus  as  the  frequency  increased,  the  maneuvering  gradient  (Fs/g) 
increased,  while  at  the  same  time  the  pilots  were  allowed  to  choose  the  optimum  control  sensitivity.  In 
the  simulator,  the  gradient  was  held  constant  at  12  Founds  per  g,  thus  as  the  frequency  increased,  so  did 
the  control  sensitivity.  This  resulted  in  a  tendency  for  "nose  hobbling”  at  the  higher  frequencies,  e\en 
with  the  high  value  of  airframe  damping  (S  =  .7)  that  was  used. 
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•^le  results  of  the  simulated  carrier  approach  tusts  are  also  compared  vlth  the  current  U.S. 
Military  Specification,  reference  (6),  In  Figure  3.  These  data  substantiate  the  specification  require¬ 
ments,  within  the  limits  of  the  variable  stability  Navlon  (nz>  less  than  3.3  cannot  be  obtained  due  to 
limited  flap  travel),  '« 

Tall  Lift 

The  adverse  effect  of  tail  lift  on  tight  altitude  control,  was  suspected  to  contribute  to  the 
piloting  difficulties,  particularly  In  close-in  situation,  where  the  sensitivity  of  the  optical  landing 
aid  was  increased.  In  order  to  verify  this  thesis,  a  brief  flight  investigation  was  conducted.  Hie  basic 
short  period  characteristics  were  selected  to  Met  the  Level  1  requirements  of  reference  (6),  as  shown  in 
Figure  1*  and  the  value  of  the  tail  lift  parameter  (L$  /V/Md#)  was  evaluated  at  zero  and  -.1.  The  results 
indicated  that  the  Filot  Rating  varied  markedly  ai  a  function  on  the  pilot  technique  and  background.  In 
those  cases  where  the  pilots  noted  tall  lift  problems,  they  described  the  effect  as  floating  or  lofting 
on  push-over  ar.d  settling  on  pull  control.  The  maximum  value  of  the  tall  lift  parameter  of  -.1  resulted 
In  an  average  Pilot  Rating  degradation  of  one  rating  upit. 

Flight  Path  Stability  and  Thrust  Response 

The  longitudinal  short  period  charscterl sties  and  tall  lift  investigations  established  limits 
on  the  parameters  governing  the  short  term  altitude  response  of  the  aircraft.  The  reference  (7)  investi¬ 
gation  also  undertook  to  determine  limits  on  the  long  term  altitude  response  characteristics ,  namely 
flight  path  stability  and  thrust  response.  The  values  of  the  flight  path  stability  parameter  l/T^.  and 
engine  thrust  lag  vere  varied  over  a  broad  range,  while  maintaining  the  short  period  characteristics  as 
shown  in  Figure  A.  The  results  of  this  investigation  are  compared  with  the  requlrementa  of  reference  (6) 
in  figure  5.  The  data  indicate  that  for  reasonable  values  of  engine  thrust  leg,  the  specification  require¬ 
ments  are  adequate,  but  as  engine  lag  Increases,  pilot  altitude  control  problems  increase,  and  the  air¬ 
craft  Is  barely  acceptable,  eves  though  the  flight  path  stability  insets  the  Level  1  requirements.  While 
acceptable  characteristics  can  still  be  obtained  with  the  preeent  generation  turbofan  engines,  future 
engine  developments  will  have  to  be  closely  watched  to  Insure  that  allowable  thruat  response  lags  are  not 
exceeded. 

Approach  Speed  (Closure  Rate) 

There  Is  a  continuing  tendency  to  correlate  increased  carrier  landing  accidents  with  increased 
approach  speed.  One  ouch  correlation,  taken  from  reference  (8)  is  shown  In  Figure  6.  In  en  attempt  to 
isolate  the  effecte  of  approach  speed  on  caiTler  landing  performance  a  study  was  undertaken  where  the 
closure  rate  was  varied  from  95  knots  to  125  knots,  while  maintaining  constant  values  of  the  aircraft 
dynamic  characteristics.  A  comparison  of  height  at  the  ramp  (a  key  carrier  landing  parameter)  between  the 
results  obtained  with  the  variable  stability  airplane  and  those  obtained  In  actual  carrier  operations  Is 
shown  In  Figure  7.  It  can  readily  be  seen  that  within  the  accuracy  of  the  data  the  approach  performance 
of  the  test  airplane  agrees  with  that  obtained  in  operational  use.  It  was  concluded  In  reference  (9), 
that  based  on  80  recorded  landing  approaches,  that  no  significant  correlation,  positive  or  negative,  of 
carrier  landing  accident  rate  with  approach  speed  could  be  formulated  from  the  results  of  these  tests. 

Thus  the  effect  of  approach  speed  Is  still  open  to  question. 

Lateral  -  Directional 


While  glide  path  control  is  of  paramount  importance  in  the  carrier  approach,  the  lateral- 
directional  characteristics  are  not  to  be  neglected,  particularly  with  respect  to  heading  control.  An 
arrested  landing  off  center  by  more  ♦han  15  feet  can  cause  severe  damage  to  an  aircraft.  In  order  to 
establish  limits  on  the  basic  lateral  -  directional  characteristics,  the  Investigations  of  references  (lj_ 
and  (10)  were  undertaken.  Although  these  experiments  Included  Investigations  of  lateral  control  sensi¬ 
tivity,  a  lateral  control  power,  yaw  due  to  lateral  control,  only  tho  effects  of  basic  dynamic  response 
characteristics  will  be  discussed  here;  however,  a  thorough  treatment  of  these  topice  can  be  found  in  the 
references.  ' 

Figure  8  presents  the  effect  on  Pilot  Rating  for  variations  in  rolling  time  constant,  Tm  and 
dihedral  effect,  La  at  near  optimum  control  sensitivity,  with  zero  yaw  due  to  lateral  control.  The  resulting 
iso-opinion  lines  indicate  that  it  is  desireable  to  have  a  little  stable  dihedral  effect,  but  not  too  much. 
The  higi.cr  values  of  Lg  are  undesireable  due  to  the  increase  turbulence  response  of  the  aircraft,  while 
the  low  effective  dihedral  results  in  large  yawing  motions,  which  could  result  in  a  landing  accident.  Ttie 
higher  values  of  roll  time  constant  cause  precise  control  of  bank,  angle  to  become  difficult.  Having 
established  limits  on  Lg  and  Tj^j,  the  effect  of  dutch  roll  frequency,  o>a,  on  Pilot  Rating  was  investigated. 

As  Bhovn  in  Figure  9,  there  exists  a  maximum  and  minimum  value  of  this  parameter.  Again  the  maximum  value 
is  associated  with  excessive  turbulence  response;  however,  in  this  case  the  minimum  value  of  w<j  is 
associated  with  the  inability  to  maintain  heading.  Of  particular  note  Is  the  steep  gradient  of  Pilot 
Rating  as  the  frequency  is  decreased  below  one  radian  per  second.  Experience  with  several  carrier  aircraft 
exhibiting  low  dutch  roll  frequencies  has  born  out  these  results. 

LOW  ALTITUDE  HIGH  SPEED  FLICHT  (LAHS) 

The  results  of  a  Navy  sponsored  moving  base  simulator  study  in  the  LAHS  flight  regime  presented 
in  reference  (11),  caused  considerable  dlsoueslon  among  the  experts  at  the  time.  These  results  Indicated 
that  there  was  no  upper  frequency  limit,  with  regard  to  the  short  period  dynamics,  a  conclusion  that  was 
in  direct  conflict  with  existing  variable  stability  airplane  data.  In  order  to  clarify  this  apparent 
discrepancy,  an  F-8D  aircraft  was  fitted  with  a  specially  modified  Lear-Slegler  Autopilot  which  provided 
a  variable  frequency  damping  capability  and  short  period  frequencies  comparable  to  those  investigated  in 
the  reference  (11)  simulator  study.  During  the  time  between  the  inception  of  the  F-8D  program  and  its 
readiness  for  flight,  other  investigators  had  shown  that  the  upper  frequency  boundary  does  exist  and 
that  it  is  a  function  of  the  load  factor  to  angle  of  attack  response  (nt/a).  Reference  (11),  never 
attained  frequency  values  high  enough  for  the  large  value  of  n*/a  that  was  used  in  the  tests.  However, 
it  was  decided  to  pursue  the  F-8D  flight  tests  in  order  to  help  fill  the  void  in  the  amount  of  flight 
data  in  the  LAHS  region.  The  results  as  obtained  in  reference  (12)  are  compared  vith  the  reference  (11) 


simulator  data  in  Figure  10.  Th°  flight  data  -h'v  reasonable  agreement  with  the  simulator  data  at  the 
higher  frequencies ,  but  poor  correlation  at  the  love*  frequency  values.  However,  a  word  of  caution 
concerning  the  applicability  of  the  flight  results  is  in  order.  The  characteristics  of  the  autopilot 
introduced  a  "real  root"ir.  the  frequency  range  interest,  thus  the  classic  second  order  system  now  becomes 
third  order,  with  effectively  attenuated  rt-ponse  characteristics.  This  i..  turn  accounts  for  the  sluggish 
pilot  rating  at  the  lover  frequencies.  It  is  not  !:novn  how  aucu  the  "real  root"  influenced  ice  pilot 
assessment  at  the  higher  frequencies.  The  presence  of  the  "real  root'1  should  not  invalidate  the  flight 
data,  as  the  pilot  rating  rnd^pilot  commentary  arc  still  valid  for  a  system  with  these  characteristics. 

Wnat  remains  to  he  done  is  to  compare  the  results  of  reference  (12),  with  those  obtained  on  a  "pure" 
second  order  system  so  that  one  may  better  determine  how  to  establish  handling  qualities  requirements 
for  higher  order  systems. 

In  order  to  iiake  the  PIO  criterion  of  reference  (ll)  more  readily  useable,  a  refinement  of 
the  basic  boundaries  propose'1  in  reference  (13).  This  refinement  put  forth  a  PIO  criterion  which 
was  a  function  of  the  tiro  !-o  >’.s_-p  t  .  ore  -tenth  amplitude  and  maneuvering  force  gradient  and  longitudinal 
stick  sensitivity.  While  considerable  substantiating  data  were-  presented  in  reference  (13),  the  soundness 
of  the  c'^teria  is  still  in  dispute.  In  order  to  shed  additional  light  on  the  PIO  problem,  the  moving 
base  simulator  sutyd  of  refer; nee  (lit)  was  conducted. 

This  investi gatit- a  utilised  the  Naval  Air  Development  Center  (NADC)  human  centrifuge  as  a 
moving  base  simulator.  The  centrifuge  was  constrained  to  the  gimbals  only  mode,  that  is  only  pitch  a..d 
roll  rotational  degrees  of  freedom  were  present;  however,  this  should  not  have  affected  th>  validation  of 
the  results.  As  pointed  cut  in  reference  (lb)  simulator  correlations  with  actual  flight  data  were 
excellent  for  non-PIO  flight  conditions.  The  results  of  the  reference  (lb)  study  are  shown  in  Figure  11, 
where  excellent  agreement  with  the  reference  (13)  criterion  as  indicated.  One  of  the  principal  conclusions 
of  reference  (lb)  is  that  the  inclusion  of  maneuvering  force  gradient  and/or  stick  sensitivity  eo  used  in 
reference  (13),  is  necessary  in  a  meaningful  PIO  criterion. 

SPIN  SIMULATOR 

The  continuing  loss  of  high  performance  aircraft  to  stall /spin  accident-  led  to  the  conclusion 
that  if  a  realistic  ground  hasea  spin  simulator  could  be  developed,  intensive  pilot  training  and  proficiency 
could  >e  maintained,  which  should  result  in  reduced  aircraft  losses  With  this  goal  in  mind,  a  program 
was  undertaken  utilizing  the  human  centrifuge  at  NADC,  to  answer  two  basic  questions.  First,  is  spin 
simulation  feasible?  Second,  if  it  is  feasible,  then  what  degree  of  fidelity  oust  the  simulator  have,  to 
be  an  effective  trainer? 

The  answer  to  the  first  question  was  affirmative,  as  indicated  in  reference  (15).  To  illustrate 
the  characteristics  of  the  simulator,  a  typical  spin  time  history  is  shown  in  Figure  12.  Shown  in  Figure 
12  are  the  pilot  control  actions  during  an  actual  spin  encountered  in  an  F-b  aircraft,  and  a  similar  spin 
in  the  simulator.  The  agreement  is  quite  good,  even  with  regard  to  timing  of  the  control  applications. 
Several  experienced  pilots  agreed  the  simulator  characteristics  were  very  close  to  those  encountered  in 
flight. 

In  order  to  get  an  answer  to  the  second  question,  that  of  degree  of  fidelity,  the  simulator 
was  run  in  the  following  three  nodes: 

1)  Static  -  no  motion. 

2)  Gimbals  only  -  rotational  motion. 

3)  Fully  dynamic  -  dynamic  force  field. 

As  can  be  seen  in  Figure  13,  which  was  obtained  from  reference  (16),  the  majority  of  the  pilots  rated  the 
fully  dynamic  mode  excellent.  However,  the  gimbals  only  node  auy  be  realistic  enough  to  be  used  as  an 
effective  spin  trainer,  thereby  reducing  the  cost  of  such  a  device  considerably. 

CURRENT  FLYING  QUALITIES  PROGRAMS 

A  program  has  recently  been  initiated  to  develop  V/STOL  flying  qualities  criteria,  utilizing 
the  variable  stability  22A  V/STOL  aircraft  shown  in  Figure  lb.  This  program  is  being  conducted  by 
Cornell  Aeronautical  Laboratory  under  Joint  NASA,  U.S.  Air  Force  and  Navy  sponsorship,  with  the  Navy  as 
the  lead  agency.  The  initial  program  will  be  a  SVOL  landing  investigation,  both  visual  and  instrument, 
to  determine  the  effects  of  approach  angle  and  closure  rate  on  aircraft  dynamics  requirements.  The  test 
ma+rix  for  this  investigation  is  shown  in  Figure  15-  Future  programs  will  include  lateral  -  directional 
STOL  investigations,  as  well  as  transition  and  hover. 

Another  current  program  of  interest  is  the  determination  of  flying  qualities  criteria  to  insure 
adequate  tracking  accuracy  during  high  angle  of  attack  maneuvering.  This  investigation  will  be  performed  on 
the  human  centrifuge  simulator  at  NADC.  The  results  will  stress  pilot  tracking  performance ,  as  well  as 
pilot  rating,  with  the  objective  of  developing  meaningful  criteria  in  this  flight  regime. 

CONCLUSIONS 

1.  Through  systematic  investigations  in  the  Princeton  Variable  Stability  Navion,  the  effect  of  the  prin¬ 
ciple  Flying  Qualities  Parameters  on  carrier  approach  performance  have  been  determined-,  and  limits 
established  on  the  values  of  these  parameters  to  i.-sure  good  carrier  approach  characteristics. 

2.  Additional  moving  base  simulator  data  further  substantiate  a  previously  proposed  PIO  criterion  and  that 
such  a  criterion  should  include  maneuvering  force  gradient  and/or  stick  sensitivity  as  a  parameter. 


3.  A  realistic  high  fidelity  spin  simulator  has  been  developed.  This  simulator  should  be  an  excellent  tool 
for  further  investigations  of  post  stall  and  incipient  spin  criteria  to  fully  utilize  the  aircraft 


maneuvering  potential  in  flight  at  high  angle  of  attack. 
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FIGURE  1  PRINCETON  HAVION  FLIGHT  PATTERN 
(FROM  REFERENCE  1) 
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FIGURE  3  COMPLIANCE  OF  CONFIGURATIONS 
WITH  REFERENCE  (6) 

(FROM  REFERENCE  I» ) 
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FIGURE  5  COMPARISON  OF  TEST  RESULTS  WITH  REFERENCE 
6  FLIGHT  PATH  STABILITY  REQUIREMENTS 
(FROM  REFERENCE  7) 
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FIGURE  ?  PILOT  RATING  AND  STICK  FORCE 
PER  ”e‘‘  COMPARISON 
(FROM  REFERENCE  U) 
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FIGURE  L  COMPLIANCE  OF  TAIL  LIFT 

CONFIGURATION  WITH  REFERENCE 
6  REQUIREMENTS 
(FROM  REFERENCE  7) 
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Lap  DISCUSSION 


by  D  Lean 

Royal  Aircraft  Establishment,  Bedford  (UK) 

Ur  Siewert's  paper  has  reviewed  a  very  wide-ranging  research  programme  on  flying  qualities  require¬ 
ments.  To  do  it  justice  would  require  more  tine  and  space  than  a  lead  discussor  is  allowed,  so  some 
sele'tion  is  necessary.  The  first  part  of  the  paper  is  concerned  with  the  particular  requirements  of 
carrier-deck-landing  aircraft  and  is  the  topic  on  which  this  reviewer  feels  best  qualified  to  comment. 

The  second  half  of  the  paper,  on  the  other  hand,  is  not  strictly  concerned  with  Naval  aviation  (although 
the  work  was  sponsored  by  the  US  Navy)  but  touches  on  a  variety  of  topics,  any  one  of  which  could  become 
the  subject  for  heated  debate  between  experts. 

The  cause  and  cure  of  pilot  induced  oscillation  problems  in  low-altitude,  high  speed  flight,  is 
such  a  topic.  Ur  Siewert  himself  has  made  a  significant  contribution  in  this  field,  but,  as  he  says,  the 
soundness  of  his  proposed  criterion  is  still  in  dispute.  The  later  simulator  data  from  NADC  (Reference  14) 
confirms  the  proposed  criterion,  as  Figure  11  shows,  but  there  is  flight  data,  from  the  Air  Force  Flight 
Dynamics  Laboratory,  for  example,  that  reports  unacceptable  ?I0  tendencies  in  conditions  well  inside  the 
"no  MO  tendencies"  2one  of  Figure  11.  This  later  work  deals  with  the  effects  of  higher  order  control 
system  dynamics  and  so  should  be  comparable  with  the  F-OD  data. 

It  would  be  interesting  to  hear  Ur  Siewert's  views  on  tnls  situation.  It  does  seem  to  us,  in  RAE 
that  reviewing  and  correlating  other  workers'  handling  qualities  data  is  just  as  important  as  producing 
new  data.  Any  proposal  for  a  new  criterion  simply  must  take  account  of  all  earlier  data,  unless  there  are 
good  strong  reasons  for  rejecting  some  of  it. 

Just  a  brief  word  on  the  spin  simulator  results  before  getting  on  to  the  more  strictly  Naval  aspjcts 
of  the  paper.  The  results  which  Ur  Siewert  reports  are  certainly  encouraging,  and  the  objectives  very 
worth-while.  One  suspects  that  t::e  numbers  of  aircraft  lost  during  spin  investigations  and  in  training  are 
comparable  with  those  for  genuine  inadvertent  spins  in  Service.  It  is  not  clear  from  Figure  12  whether  the 
simulated  spin  refers  to  a  particular  aircraft,  or  is  simply  a  typical  example.  7e  believe  that  the  F-4, 
for  example,  can  show  a  variety  of  spin  characteristics,  requiring  different  recovery  actions.  If  such  a 
training  simulator  can  teach  tne  pilot  how  to  recognise  what  type  of  spin  he  has  to  contend  with,  real 
progress  will  have  been  oade.  But,  is  it  thought  that  the  input  data,  particularly  the  rotary  derivatives, 
and  at  extreme  angles  of  attack  and  sideslip,  will  be  good  enough  to  reproduce  these  various  fonos  of  spin 
correctly? 

The  first  half  of  Ur  Siewert's  paper  deals  with  problems  that  are  more  familiar  to  this  reviewer, 
as  a  one-time  member  of  a  small  group  that  was  formed  in  RAE  in  1943.  It  was  abundantly  clear  then  that 
the  carrier  deck  landing  manoeuvre  was,  as  Ur  Siewert  says  "the  most  demanding  and  dangeroue  of  all  routine 
aircraft  operations".  Landing  accident  rates  ware  frighteningly  high  in  those  early  days  -  up  to  255»  on 
some  early  war-time  operations  -  and  there  was  a  desperate  need  to  help  designers  to  produce  better  deck 
landing  characteristics,  as  well  as  to  see  if  procedures  could  be  improved. 

This  small  group  studied  the  Naval  pilot's  problems  throughout  the  whole  period  of  change-over  from 
propellers  and  tail-wheels  to  jets  and  tricycle  gears,  through  new  deck-landing  techniques,  angled  decks 
and  the  introduction  cf  the  first  optical  glide  path  indicator  -  the  mirror  landing  aid. 

Shen  we  began  this  work,  handling  qualities  research,  as  such,  had  scarcely  been  bom,  so  we  started 
with  the  simple  observation  that  some  aircraft  nad  a  good  reputation  for  deck  landing,  ethers  were  rated 
"bad".  Accident  statistics  helped  in  this  grading  process,  but  experienced  pilot  opinion  was  heavily 
relied  upon.  The  problem  then  seemed  simple  enough  -  to  find  what  characteristics  made  the  pilots  happy, 
and  what  must  be  avoided. 

First,  a  simple  framework  of  rules  was  drafted.  In  the  handling  area,  these  were  concerned  with 
items  such  as  the  lift  and  trio  changes  due  to  power  adjustment,  the  time  to  climb  from  one  glide  path  and 
settle  on  a  higher  one,  the  tine  to  bank  and  stop  at  a  new  angle  and  the  tine  to  perform  a  sidestop 
manoeuvre,  and  so  on.  Then,  by  direct  measurements  on  several  samples  each  of  the  "goo-i"  and  "bad"  air¬ 
craft,  we  attempted  to  put  numbers  to  these  requirements. 

This  was  elementry  stuff,  of  course,  and  no  dramatic  changes  in  the  state  of  the  art  were  expected 
or  realised,  though  we  collected  a  lot  of  data  on  what  went  on  during  actual  deck  landings.  But  today's 
emphasis  on  the  detailed  parameters,  derivatives  and  coefficients  which  define  these  manoeuvres  contrasts 
strongly  with  our  former  pre-occupation  with  the  manoeuvres  themselves.  There  seems  to  me  to  be  some 
danger  of  losing  sight  of  what,  exactly,  the  pilot  needs  to  be  able  to  do.  The  definition  of  frequencies, 
damping  ratios,  control  powers,  time  constants,  etc,  is  of  immediate  help  to  the  designer,  but  do  they 
necessarily  define  a  good  deck-landing  aircraft,  and  does  failure  to  meet  one  or  more  of  these  criteria 
necessarily  define  a  bad  one?  This  question  becomes  particularly  relevant  as  control  systems  become  more 
complex  (e.g.  manoeuvre  denand  etc.). 

The  question  being  asked  is  whether  the  precise  tasks  against  which  the  pilot  ratings  are  assigned, 
and  the  acceptance  standards  for  the  finished  product,  are  sufficiently  closely  related  to  what  the  good 
typical  deck-landing  aircraft  should  be  capable  of  doing.  In  order  to  be  sure  that  the  criteria  now  being 
developed  are  really  relevant  to  the  real  deck-landing  task,  one  would  like  to  see  a  lot  more  data  from 
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actual  landings  on  the  nature  of  the  longitudinal  and  lateral  manoeuvres  that  are  now  required,  and  on  the 
pilot's  inputs  and  responses.  Simulation,  both  ground-based  and  in-flight,  ia  a  valuable  tool,  but  one 
would  like  to  see  more  evidence  of  validation  using  real  operational  experience. 

Great  care  has  obviously  been  taken  to  make  the  variable  stability  Havion  experiment  as  reallstlo 
as  possible.  But,  of  course,  several  features  must  have  been  omitted.  The  "deok"  did  not  move  nor  did  it 
have  "hard"  edges.  Real  turbulence  generated  by  the  ship  is  intense  but  very  looaliaed,  not  uniform 
throughout  the  approach.  The  prescribed  approach  path  ia  juat  dear  of  it  -  but  only  just.  The  mean  a  ink 
rate  of  11  ft/seo  on  the  approaoh  meant  that  the  Havion  oould  not  oarry  on  to  touoh  down  as  a  real  Navy 
aircraft  oould  have  done,  A  nave-off,  or  at  least  a  flare  had  to  ba  performed,  and  the  data  of  Figure  7 
auggsat  that  this  ms  slrstdy  under  way  at  ths  ramp,  tha  Havion  being  higher  than  uaual  at  that  point. 

This  suggests  that  tha  evaluation  proper  must  have  concluded  before  reaching  the  ramp,  and  have 
bcsn  confined  to  the  30  seconds  or  so  of  steady  approach.  This,  of  course,  is  very  short  by  conventional 
approach  assessment  standards.  A  lot  would  depend  on  the  evaluation  pilot* a  ekill  in  making  an  aocurate 
turn  on  to  the  final  glide  path.  Here  deliberate  errors  introduced  here,  to  foroe  aome  element  of 
manoeuvring  during  the  final  30  aeoondaT  Only  average  pilot  ratings  art  quoted  in  the  paper.  Could  poor 
ratings  ba  related  to  the  amount  of  manoeuvring  that  was  demanded?  It  doaa  seem  to  us  thet  this  is  an 
evaluation  exercise  where  more  than  ordinary  oare  ia  needad  to  define  the  task  precisely.  This  ia 
particularly  so,  I  suggest,  when  oomparing  the  results  of  real  or  simulated  deok-landing  studies  of 
desirable  characteristics  with  those  from  ground-based  simulators,  You  oannot  reproduce  the  "tight-rope 
aot"  environment  of  an  actual  deck-landing  in  a  simulator,  but,  against  this,  tha  assessment  period  can  be 
made  to  last  as  long  as  the  pilot  wlches.  If  it  ia  too  long,  he  may  apply  different  standards.  For 
instance,  wo  found,  when  first  looking  at  tho  problem  of  flight  on  the  beak-aide  of  the  drag  ourve,  back 
in  1950,  that  all  our  Naval  Jet  aircraft  then  landed  happily  with  quite  marked  negative  speed  stability, 

(time  constants  of  20  seconds  or  lesa),  whereat  their  shore-based  eounterperte  were  muoh  1 ess  tolerable. 

It  was  argued  that  some  speed  divergence  did  not  natter  too  muoh  for  the  short  final  oarrier  approach,  but 
did  bother  the  pilot  on  a  long  straight  approaoh  for  a  oouple  of  mlnutaa  or  more,  aahore. 

The  above  remarks  are  not  intended  to  decry  the  value  of  the  impressive  amount  of  data  that  the 
Navion  experiments  have  produced.  Uuoh  of  it  shows  gratifying  agreement  with  Mil  Speo  8785*  But  without 
careful  scrutiny  of  all  tha  quoted  references,  tha  message  in  some  of  tha  examples,  given  by  Ur  Siewort 
ia  not  too  clear.  At  first  sight,  Figure  2,  for  instance,  implies  that,  given  tho  froedom  to  ohoee  the 
optimum  stiok  foroe  per  *g',  almost  any  combination  of  frequency  and  damping  oan  be  made  acceptable  -  all 
tho  points  get  a  rating  of  4.0  or  better.  The  Nevion  used  values  from  3  to  10  lb/g  in  tha  simulated 
oarrier  approaoh  toots,  yet  all  received  about  tha  same  rating  -  2.6  to  3.5.  Hhat  should  tho  designer 
aim  for? 

it  would  he  surprising  If  the  importance  of  manoeuvring  foroe  gradient  (stick  sensitivity)  in  the 
carrier  approach  has  not  already  bean  studied,  as  it  has  been  in  relation  to  the  low-altitude,  high  speed 
phaoo.  There  are  obvious  differences  in  tho  two  tasks,  and  perhaps  one  of  the  more  important  ia  the 
duration  -  the  carrier  approaoh  laate  only  30  sooonda  or  bo,  wharaaa  tho  LAK3  task  oould,  In  principle,  go 
on  for  hours.  But  It  Is  Interesting  to  note  the  pilots'  comments  about  "nose  hobbling"  In  both  the  limiting 
oases  Illustrated  In  Figures  2  and  10.  They  occur  at  frequencies  differing  by  a  faotor  of  about  5»  The 
quoted  explanation  of  the  pilot's  problem  In  the  o arrior  approach  case  ia  that  the  stiok  force  per  g  was 
not  the  optimum  In  the  ground-based  simulator  testa,  whereas  tha  Havion  pilots  could  chooso  the  beat  foroe 
gradient.  In  tho  .enso  that  the  "nose  bobbling”  tendencies  In  the  ground-baaed  simulator  were  not  reported 
In  flight  when  higher  stick  foroe/g  levels  were  used,  these  results  seem  consistent  with  the  principle  of 
the  PIO  criterion.  It  would  bu  Interesting  to  know  whether  further  analysis  of  tho  carrier  approaoh 
requirements  along  those  lines  has  been  made  or  la  proposed. 

On  the  whole,  howovor,  the  trends  lndloatod  by  the  Navlon  tests  all  look  reasonable.  It  la  particul¬ 
arly  reassuring  to  tee  that  attention  la  drawn  to  the  Importance  of  engine  thrust  response  -  there  la  a 
potential  problem  area  here,  which  engin  designers  need  wanting  about.  Unfortunately,  this  question  of 
thrust  oontrol  seems  to  fall  into  one  of  those  "grey"  areas,  between  the  eirframe  and  engine  designers' 
spheres  of  responsibility. 

Finally,  one  comes  baok  to  aooldent  rates,  which  is  what  this  work  is  really  all  about.  Tha  rates 
are  still  too  high,  but  not  so  high,  surely,  that  we  can  treat  them  like  any  other  statlatlo,  and  seek  some 
correlation  with  a  simple  parameter  like  approaoh  speed,  as  was  attempted  in  Reference  8.  Every  accident 
la  an  individual  event,  separately  invoatigatod  and  a  prime  oauae  determined.  Even  If  all  the  data  on 
Figure  6  referred  to  heavy  landings  and  underoarrlage  failures  only,  there  would  be  no  reason  to  expeot  any 
correlation  with  approach  apeed  over  a  renge  of  alroraft.  The  apecifio  studies  with  the  Havion,  to  whioh 
Mr  Siewert  refers  (.(oferenoe  9)  shows  that,  other  things  being  equal,  approach  speed,  per  8  a,  does  not 
affeot  the  acoldent  rate.  Many  other  factors  affect  the  risk,  and  some  of  these  factors  oan  c.iange  the 
accident  rate  with  no  change  to  the  alroraft  at  all.  The  angled  deck  and  mirror  landing  aid,  together, 
reduced  tho  rate  to  1/3  ita  former  value,  and  theae  innovations  were  introduced  in  the  time  period  covered 
by  the  data  in  Figure  6. 

The  present  Paper  han  been  conoomod  with  flying  qualities,  seeking  improvements  that  will  reduoo 
these  risks.  The  optima  we  arc  looking  for  are  certainly  elusive  -  they  may  even  bo  non-existent  -  so  how 
does  one  know  when  to  stop? 
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OPEN  DISCUSSION 


R.O.  Anderson,  AFFDL,  USA 

We  have  looked  at  some  of  the  F-8  data  that  Mr.  Siewert  mentioned  using  paper  pilot  approach. 

For  the  power  approach  configurations,  the  Paper  Pilot  predictions  of  pilot  rating  were  in  quite  good 
agreement  with  the  F-8  results.  For  the  low  altitude,  high  speed  cases  however,  the  machine  ratings 
were  very  nearly  constant,  but  real  pilot  ratings  varied  quite  a  lot.  It  seemed  that  pilot  rating  was 
almost  directly  correlated  with  total  short  oeriod  damping,  and  we  are  now  using  this  trend  to  predict 
ratings  when  the  short  period  natural  frequency  is  high,  and  the  damping  ratio  is  small,  say,  less  than 
three-tenths. 

R.F.  Siewert,  U.S.  Navy 

Beware  that  the  F-8  data  is  not  classical  second  order. 

R.P.  Harper,  Cornell  Aero,  USA 

Could  Mr.  Wanner  or  Mr.  Deque  comment  on  the  backside  during  approach  shown  in  Mr.  Siewert 's 
Fig.  5  with  respect  to  the  Concorde? 

J-C.  Wanner,  France 

The  figure  5  seems  to  be  very  close  and  I  don't  see  anv  large  disagreement. 

W.  Bihrle,  Grumman,  USA 


We  found  that  we  could  put  the  pilot  well  on  the  backside  and  surprisingly  the  pilots  had  little 
difficulty.  We  did  this  experiment  on  a  moving  base  simulator.  At  the  time  we  were  missing  engine  audio 
cues  and  therefore  this  was  a  conservative  result. 


Regarding  Hr.  Siewert's  comments  about  being  diabolical,  we  really  were  trying  to  be  diabolical. 
We  first  establish  the  validitv  of  the  parameter  uyNjj  and  then  we  restricted  ourselves  to  values 
which  would  be  involved  during  the  landing  task. 

A  few  points  regarding  m  ,  (1)  the  lower  boundaries  are  unique  values  and  apply  throughout 

the  flight  regime,  because  it  is  based  on  the  threshold  value  of  human  perceptibility  of 
angular  acceleration,  and  (2)  damping  ratio  per  se,  anything  over  .15, plays  a  very  small  function  in 
terms  of  the  ability  to  perform  control  tasks. 

H. A.  Mooij,  NLR,  Netherlands 

I  agree  with  Mr.  Bihrle's  comments. 

What  about  direct-lift-control?  .and  N7/C1  and 

*  TeT 

R.F.  Siewert,  U.S.  Navy 

The  direct-lift-control  is  only  a  vernier  control  in  our  application.  The  debate  between  Nj/a 
and  1_  is  still  underway. 

fe2 

I. L.  Ashkenas,  Systems  Technology,  Inc.,  USA 

The  issue  of  1/T02  versas  njrQ  which  has  been  raised  is  something  I  -on't  wan;  to  get  involved 
with  here.  However,  J  would  like  to  point  out  that  there  is  an  alternative  explanation  for  Mr. 

Siewert's  Fig.  6  which  shows  a  model-predicted  accident  probability  versus  I/T02  rather  than  versus 
approach  speed  (as  in  Fig.  6).  The  historical  trend  of  1/T92  has  been  down  while  approach  speed  has 
been  going  up.  The  physical  significance  of  1/T82  is  that  it  theoretically  constitutes  a  measure  of  the 
path-following  bandwidth  or  time-response.  Accordingly,  low  values  imply  larger  path-following  errors, 
greater  dispersions  and  increased  accident  probability.  Furthermore,  in  some  special  tests  conducted 
at  NATO,  Patuxent,  we  actually  measured  the  lags  in  manual  following  of  a  quasi-randomly  disturbed 
optical  beam  for  n  variety  of  service  aircraft.  The  results  were  consistent  with  theory  in  that  air¬ 
craft  with  low  values  of  1/T02  exhibited  larger  lags  than  those  with  high  values. 
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RECENT  NASA  HANDLING  QUALITIES  RESEARCH 

Richard  J.V/asicko 

NASA  Headquarters,  Washington,  DC  20546,  USA 


SUMMARY 


A  comprehensive  review  of  NASA  research  results  documented  since  the  mid-1 960’s  and 
some  recently  completed  programs  on  aircraft  handling  qualities  are  presented.  In  addition 
to  handling  qualities  research  pertaining  to  vehicle  stability  and  control  characteristics,  in¬ 
vestigations  related  to  specialized  piloting  tasks,  cockpit  displays,  and  environmental  factors 
are  summarized.  The  background  leading  to  NASA’s  handling  qualities  research  activities  is 
discussed,  and  programs  that  have  received  major  emohasis  are  indicated.  For  general 
aviation  aircraft,  the  survey  includes  investigations  aimed  at  improving  handling  qualities 
by  incorporating  increasingly  sophisticated  stability  augmentation  and  display  systems, 
simplifying  the  approach  and  landing  task  for  relatively  inexperienced  pilots,  and  establishing 
the  basic  effects  of  turbulence.  Research  on  the  specialized  piloting  problem  of  steeper 
instrument  approaches  for  noise  abatement  and  investigations  with  a  representative  first 
generation  aircraft  are  reviewed  in  the  section  on  subsonic  jet  transports.  Supersonic  cruise 
aircraft  programs  include  a  variety  of  simulation  studies  related  to  supersonic  transport 
designs  and  flight  tests  with  the  XB-70  aircraft.  Investigations  uf  high  angle  of  attack  loss 
of  control  problems  and  a  flight  study  of  direct  lift  control  utilization  for  formation  flying 
and  aerial  refueling  are  discussed  in  the  review  of  tactical  military  aircraft  research.  The 
section  on  powered-lift  STOL  aircraft  summarizes  the  flight  research  investigations  with 
eight  experimental  aircraft  and  the  supporting  ground-based  simulation  studies.  For 
VTOL  aiicraft,  the  survey  includes  research  on  the  handling  qualities  of  helicopters, 
hovering  and  low-speed  characteristics  of  jet  VTOL’s,  displays  and  advanced  stabilization 
systems  for  IFR  approaches  to  an  instiument  hover,  and  flight  tests  of  experimental  aircraft. 


1.  INTRODUCTION 

The  purpose  of  this  paper  is  to  review  NASA’s  recent  research  on  aircraft  handling  qualities.  Where  appropriate, 
the  review  will  include  the  background  which  led  to  various  handling  qualities  research  activities,  will  indicate  the 
programs  which  received  major  emphasis  and  the  manner  by  which  individual  investigations  were  related  to  an  overall 
effort,  and  will  outline  some  of  the  primary  program  results  and  conclusions.  Although  representative  data  will  be 
presented,  it  is  not  an  objective  of  this  review  to  discuss  in  detail  any  single  research  investigation  or  group  of 
studies.  Such  information  can  be  obtained  from  the  references  cited. 


Classically,  handling  qualities  research  has  emphasized  the  aircraft’s  stability  and  control  characteristics,  and 
research  results  for  the  most  part  have  been  formulated  in  terms  of  vehicle  responses  to  pilot  control  inputs  or 
parameters  related  to  aerodynamic  stability.  In  recent  years,  however,  me  introduction  of  sophisticated  augmentation 
systems  and  cockpit  displays,  the  renewed  recognition  of  the  importance  of  atmospheric  turbulence  and  other 
environmental  factors,  and  the  delineation  of  specialized  piloting  tasks  have  resulted  in  an  expanded  concept  of 
handling  qualities.  In  Reference  I,  Cooper  and  Harper  define  handling  qualities  as  “those  qualities  or  characteristics 
of  an  airciaft  that  govern  the  ease  and  precision  with  which  a  pilot  is  able  to  perform  the  tasks  required  in  support 
of  an  aircraft  role”.  They  also  point  out  that,  in  addition  to  stability  and  control  characteristics,  the  task,  pilot’s 
stress,  cockpit  interface,  and  aircraft  environment  are  factors  that  influence  handling  qualities.  This  broad  definition 
of  handling  qualities  is  used  to  establish  the  scope  of  NASA’s  research  which  will  be  reviewed  in  this  paper. 

Handling  qualities  research  documented  since  the  mid-1 960’s  forms  the  primary  basis  for  this  paper.  In 
addition,  the  review  includes  some  programs  that  have  been  completed  but  not  yet  fully  reported  and  several 
that  are  still  underway.  The  paper  is  organized  according  to  an  aircraft  type/mission  categorization  and  discusses 
NASA’s  research  for  general  aviation  aircraft,  subsonic  jet  transports  and  supersonic  cruise  vehicles,  tactical  military 
aircraft,  powered-lift  STOL  aircraft,  and  VTOL  \  chicles. 
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2.  GENERAL  AVIATION  AIRCRAFT 


In  the  early  1960’s,  NASA  initiated  a  flight  evaluation  of  a  representative  cross  section  of  genera!  aviation 
aircraft.  One  of  the  primary  objectives  of  this  investigation  was  to  assess  the  handling  qualities  of  this  class  of 
aircraft  for  a  variety  of  operations,  with  particular  empnasis  on  instrument  flight  and  1LS  approaches  in  adverse 
weather  conditions.  The  seven  general  aviation  aircraft  used  in  this  study  included  both  high-  and  low-wing  con¬ 
figurations  and  were  single-  and  twin-engine  powered.  As  reported  in  Reference  2,  the  evaluations  by  a  large  sample 
of  pilots  indicated  that,  for  visual  flight  and  during  instrument  flight  in  smooth  air,  the  handling  qualities  were 
satisfactory.  However,  atmospheric  turbtilence  degraded  the  handling  qualities,  the  effect  being  most  noticeable 
during  ILS  approaches  where  the  increase  in  pilot  workload  made  precise  instrument  tracking  difficult  even  for 
experienced  instrument-rated  pilots.  At  about  the  time  the  seven  general  aviation  aircraft  flight  evaluations  were 
being  completed,  a  separate  flight  investigation  was  being  conducted  (Reference  3).  This  investigation  showed 
that  with  the  aid  of  a  simple  wing-levelling  stability  augmentation  system,  a  non-instrument-ratcd  pilot  was  capable 
of  sustained  instrument  flight  and  limited  radio  navigation,  permitting  recovery  to  visual  flight  conditions  from  an 
inadvertent  instrument  situation.  These  two  flight  studies  pointed  out  the  importance  of  the  instrument  flight 
operation  in  turbulence  and  indicated  the  potential  benefits  of  augmentation  systems.  The  results  of  these  studies 
were  used  to  form  the  basis  for  most  of  NASA’s  recent  general  aviation  handling  qualities  research  programs. 


A  concentrated  effort  has  been  underway  for  several  years  to  investigate  possible  improvements  in  the  handling 
qualities  of  general  avaiation  aircraft  by  incorporating  increasingly  sophisticated  stability  augmentation  and  display 
systems.  Flight  evaluations  have  been  made  with  a  six-place,  low-wing,  twin-engine  aircraft  that  is  representative  of 
personal-owner  general  aviation  aircraft  involved  in  instrument  flight  operations.  The  initial  study  investigated  the 
use  of  cockpit-displayed  angle  of  attack  information  during  low-speed  flight  operations,  including  take-offs  and 
climbs,  maneuvers,  and  both  visual  and  instrument  approaches.  As  reported  in  Reference  4,  the  flight  evaluation 
exposed  certain  fundamental  complications  with  this  display  that  tended  to  negate  some  of  the  expected  advantages. 
For  ILS  instrument  approaches,  the  use  of  the  angle  of  attack  display  did  not  significantly  alter  either  the  pilot’s 
workload  or  the  degree  of  accuracy  with  which  the  task  could  be  performed.  In  the  next  phase  of  this  program, 
a  yaw  damper  combined  with  an  aileron-to-rudder  interconnect  for  turn  coordination  was  tested.  The  evaluation 
included  flights  with  the  yaw-damr.r-interconnect  system  operating  concurrently  with  the  aircraft’s  basic  autopilot 
in  both  the  heading-hold  and  wintJ-leveler  mod  s.  Although  the  system  improved  the  lateral-directional  handling 
qualities  of  the  basic  aircraft  and  both  autopilot  modes  during  visual  and  instrument  flight  in  light-to-rnoderate 
turbulence,  and  reduced  the  pilot’s  workload  during  ILS  instrument  approaches,  the  improvement  in  the  pilot’s 
overall  performance  of  the  ILS  approach  task  was  not  significant.  The  yaw  damper  was  effective  in  reducing 
aircraft  motions  during  stalls  and  simulated  engine  failures,  and  provided  the  pilot  with  more  time  to  take  corrective 
actions.  Reference  5  documents  this  flight  investigation. 


The  most  recently  completed  research  in  this  program  evaluated  rate  and  attitude  command  control  systems 
and  advanced  displays.  The  command  control  systems  were  installed  in  the  pitch  and  roll  axes.  During  the  investi¬ 
gation  with  the  rate  system,  the  flight  tests  were  conducted  with  a  rate  damper  in  the  yaw  axis.  During  the  study 
of  the  attitude  command  system,  a  yaw-heading-hold  control  loop  incorporating  an  automatic  cutout  switch  for 
turning  maneuvers  was  incorporated  in  addition  to  the  yaw  damper.  In  both  cases  an  aileron-to-rudder  interconnect 
was  utilized  for  turn  coordination.  The  advanced  displays  included  a  horizontal  situation  indicator  with  a  course 
deviation  bar  and  an  attitude  indicator  with  flight  director  command  bars  and  both  glide  slope  and  localizer  error 
information.  Figure  1  shows  the  increasingly  significant  handling  qualities  improvements  achieved  in  these  tests.  As 
reported  in  Reference  6.  the  combined  use  of  the  advanced  displays  and  attitude  command  control  system  transformed 
the  representative  general  aviation  aircraft  into  a  vehicle  that  bordered  on  being  perfect  from  a  handling  qualities 
standpoint  during  ILS  approaches  in  turbulence.  Other  effects  of  the  command  control  systems.  including  gust 
alleviation  and  responses  during  stalls  and  after  sudden  engine  failures,  were  evaluated  and  are  discussed  in  Reference  6. 


As  part  of  its  general  aviation  program.  NASA  is  sponsoring  investigations  by  several  universities  and  research 
groups.  Tile  investigations  are  aimed  at  improving  the  performance  and  control  characteristics  of  light  aircraft  and 
simplifying  the  approach  and  landing  task  for  relatively  inexperienced  pilots.  These  programs,  still  in  progress,  arc 
considering  revised  aerodynamic  configurations  and  new  aerodynamic  control  devices.  Reference  7  reviews  the  status 
of  one  effort  that  includes  a  new  wing  design  with  spoilers  for  lateral  control  to  eliminate  adverse  yaw  effects  and. 
by  symmetrical  deflection,  for  direct  lift  flight  path  control  during  the  landing  approach.  Another  program,  described 
in  Reference  8,  concerns  the  design  of  a  light  aircraft  that  would  fly  at  a  constant  pitch  attitude  and  would  require 
a  minimup’.  of  pilot  commands  for  satisfactory  operation.  In  a  third  program,  spoiler/dive  brake  systems  arc  being 
studied  for  flight  path  control  during  the  total  landing  task  including  approach,  flare,  touchdown,  rollout,  and  go- 
around.  Design  characteristics  of  several  spoiler  controllers  and  results  from  preliminary  flight  evaluations  are 
reported  in  Reference  9.  Figure  2  presents  the  range  of  pilots’  rating.*  of  their  touchdown  point  accuracy  obtained 
during  early  VFR  investigations  to  optimize  a  single  lever  integrated  throttle-spoiler  controller.  These  tests 
established  desirable  design  characteristics  of  the  flight  path  control  system  and  indicated  the  potential  benefits 
from  utilization  of  spoilers. 


A  basic  investigation  of  the  effects  of  turbulence  on  handling  qualities  has  been  in  progress  under  NASA 
sponsorship  for  several  years.  Although  not  specifically  directed  toward  general  aviation  aircraft,  the  study  has  used 
a  variable  stability  light  aircraft  and  is  most  appropriately  reviewed  in  this  section  of  the  paper.  In  this  program. 


in-flight  evaluations  have  been  made  to  determine  the  independent  and  interacting  effects  of  turbulence-induced 
aerodynamic  disturbances  and  aircraft  dynamic  response  parameters.  The  first  investigation,  involving  the  lateral- 
directional  mode,  used  an  1FR  heading  control  task  and  studied  the  influence  of  the  magnitudes  of  roll  and  yaw 
disturbances,  turbulence  spectral  bandwidth,  and  correlation  between  roll  and  yaw  disturbances.  During  this  phase 
of  the  program,  the  aircraft’s  roll  damping,  directional  stability,  Dutch  roll  damping  ratio,  and  aileron  yaw  characteri¬ 
stics  were  selectively  varied.  Reference  1 0  summarizes  the  lateral-directional  investigation,  which  is  reported  m  detail 
in  Reference  1 1 . 

In  the  more  recent  study,  reported  in  References  12  and  13,  an  ILS  approach  task  was  used  to  determine  the 
effects  of  turbulence  on  longitudinal  handling  qualities.  Variations  in  the  magnitudes  of  both  pitch  and  heave 
disturbances,  turbulence  bandwidth,  short  period  dynamics,  and  lift  curve  slope  were  evaluated.  Figure  3,  shows  the 
significant  influence  of  the  pitch  disturbance  magnitude  on  pilot  ratings.  In  addition  to  presenting  experimental  data, 
both  References  1 1  and  13  include  closed-loop  pilot-aircraft  systems  analyses  which  substantially  support  the  pilot 
rating  results  and  the  flight  test  performance  and  workload  data. 

NASA’s  recent  general  aviation  program  has  included  a  university  team’s  review  of  the  NACA/NASA-generated 
literature  that  has  been  published  since  1940  and  is  considered  applicable  to  the  design  of  light  aircraft.  The  survey  of 
published  information  on  performance,  stability  and  control,  and  handling  qualities  is  contained  in  Reference  14. 

3.  SUBSONIC  JET  TRANSPORTS 

Recent  NASA  handling  qualities  research  related  to  subsonic  jet  transports  has  been  concentrated  primarily  in 
two  areas  -  the  special  piloting  problem  of  steeper  instrument  approaches  for  noise  abatement,  and  hanuiing 
qualities  investigations  with  a  representative  first  generation  subsonic  jet  transport.  1  i:v  background  and  reasons  for 
each  of  these  programs  are  different  and  will  be  reviewed  separately. 

NASA  initiated  preliminary  flight  studies  of  steeper  approaches  with  conventional  fixed-wing  aircraft  in  the 
early  1960’s.  The  interest  at  that  time  was  for  potential  reduction  of  noise  under  the  approach  path  and  reduced 
terminal  area  airspace  requirements.  The  tests  used  three  widely  different  aircraft  -  a  C-47, 1-33  and  DC-8F  -  to 
determine  the  capabilities  of  both  aircraft  and  pilots  to  make  steeper-than-normal  instrument  approaches,  to  establish 
the  maximum  glide  slope  for  operational  use,  and  to  isolate  problem  areas.  Special  equipment  used  in  the  program 
generated  straight  glide  slopes  for  most  of  the  approach  followed  by  flare  path  guidance  to  touchdown.  As  reported  in 
Reference  1 5,  the  investigation  indicated  that  the  maximum  operational  giide  slope  for  the  three  aircraft  was  6  degrees. 
This  angle  allowed  a  margin  for  steepening  the  flight  path  without  airspeed  increases  to  take  care  of  gusty  conditions, 
wind  shear,  and  other  inadvertent  flight  path  deviations.  Although  the  pilots  feltthat  6-aegree  instrument  approaches 
with  flare  path  guidance  could  be  flown  consistently  down  to  100-foot  altitudes,  there  was  careful  qualification  in 
Reference  IS  that  this  conclusion  was  based  on  the  clear  weather  and  good  visibility  conditions  of  the  tests. 

The  increased  awareness  in  the  mid-’  960’s  of  the  subsonic  jet  transport  noise  problem  in  the  vicinity  of  airports 
brought  about  an  intensified  NASA  program  on  steeper  approaches.  Since  experimental  measurements  indicated  that 
the  larger  portion  of  the  total  noise  reduction  was  caused  by  the  reduced  engine  power  associated  with  the  steeper 
approaches,  the  program  became  an  investigation  of  flight  procedures  for  approaches  at  reduced  power  settings  that 
would  be  safe  for  day-to-day  operations  by  pilots  of  average  skill.  Two  factors  influenced  the  next  research  effort 
that  was  undertaken.  First,  to  be  operationally  practical,  the  steeper  approach  profiles  had  to  be  within  the  capability 
of  a  wide  spectrum  of  jet  transports;  second,  the  day-to-day  operations,  unlike  the  preliminary  tests  noted  above,  had 
to  include  bad  weather  conditions.  Consequently,  six  jet  transports  ranging  from  a  twin-engine  executive  aircraft  to  a 
four-engine  intercontinental  commercial  transport  were  used  to  investigate  single-  and  two-segment  steeper  approach 
profiles  under  simulated  200-foot-ceiling  instrument  flight  conditions.  The  aircraft  varied  with  regard  to  the  type  of 
flight  director  display  installed,  autopilot  capability  for  coupled  approaches,  and  availability  of  an  autothrottle.  A 
progress  report  on  these  tests  is  contained  in  Reference  16,  and  the  final  results  are  documented  in  Reference  1 7. 
Although  the  flight  evaluations  of  more  than  600  approaches  confirmed  the  earlier  result  that  6  degrees  was  the 
maximum  usable  glide  slope  and  was  within  the  capability  of  each  aircraft  tested,  the  program  essentially  concluded 
that  the  pilot’s  tracking  performance  and  overall  workload  on  the  steeper  approaches  were  unacceptable  for  day-to-day 
routine  use. 


Reference  1 6  reported  observations  representing  an  extrapolation  of  the  then-current  work.  One  of  these  was  an 
indication  that  improved  method'  of  flight  path  control  were  needed.  This  led  to  a  separa.e  flight  evaluation  of  the  use 
of  direct  lift  control  as  an  aid  to  flight  path  control  during  the  steeper  approaches.  Using  an  available  US  Navy  F-8C 
aircraft  with  a  DLC  system  modified  from  the  configuration  previously  used  in  carrier  landing  studies,  these  tests 
indicated  favorable  effects  of  DLC  (especially  when  used  in  conjunction  with  automatic  speed  control)  on  piloting 
performance  and  workload  for  both  single-  and  two-segment  steeper  approaches.  The  results  of  this  flight  study  arc 
reported  in  Reference  1 8 

The  research  program  reported  in  References  1 6  and  1 7  used  basically  unmodified  operational  jet  transports.  In 
order  to  determine  the  importance  and  benefits  of  various  possible  aids  to  the  pilot  for  improving  his  tracking  perform¬ 
ance  and  reducing  his  workload,  a  major  combined  simulator  study  and  flight  investigation  with  a  highly  modified 
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research  jet  transport  was  undertaken.  The  systems  evaluated  in  this  program  included  specialized  pitch  flight  director 
computations,  an  autothrottle,  automatic  pitch  trim  follow-up,  a  pitch  rate-command/attitude-hold  system,  a  cathode- 
ray  tube  integrated  display,  direct  lift  control  and  lateral-directional  stability  augmentation.  In  both  the  simulator  and 
flight  tests,  single-segment,  two-segment,  and  deceleration  approach  profiles  were  used,  the  latter  two  being  evaluated 
by  a  total  of  1 1  pilots  from  NASA,  the  FAA,  and  a  commercial  airline.  Reference  19  presents  preliminary  results  of 
a  portion  of  the  total  program.  Additional  information  is  contained  in  References  20  and  21,  and  the  complete 
investigation  is  documented  in  Reference  22. 

It  was  determined  fiom  this  research  that  two-segment  noise  abatement  approaches  could  be  flown  in  the 
modified  jet  transport  with  the  same  precision  as  a  conventional  instrument  landing  approach  witiiout  a  significant 
increase  in  the  pilot’s  workload.  The  relative  importance  of  the  systems  evaluated  in  the  tests  was  established  for 
the  two-segnjent  approaches,  and  information  was  obtained  about  the  piloting  problems  for  the  other  noise  abatement 
approaches.  It  must  be  noted,  however,  that  in  this  program  a  complete  evaluation  of  noise  abatement  approaches 
under  adverse  operational  conditions,  including  bad  weather  and  equipment  failures,  was  not  made. 

The  most  recently  completed  NASA  reseaich  related  to  steeper  approaches  involved  flight  studies  of  an  alternate 
concept  for  providing  flight  path  guidance  information  to  the  pilot.  A  graphic  vertical  situation  display  with  a 
pictorial  analog  of  the  glide  slope  profile  and  an  aircraft  symbol  with  attached  velocity  vector  was  tested  in  a  small 
twin-engine  aircraft.  The  method  by  which  the  display  was  implemented  is  described  in  Reference  23,  and  the  test 
results  are  summarized  in  Reference  24. 

In  the  mid-1960’s  interest  in  very  large  subsonic  jet  transports  for  both  military  and  civil  airline  use  led  to  a  NASA 
program  on  the  landing  approach  handling  qualities  of  the  response  characteristics  expected  for  such  aircraft.  Results 
from  the  ground-based  and  in-flight  simulator  study  are  reported  in  Reference  25.  During  the  same  time  period  in  which 
this  investigation  occurred,  NASA  research  on  the  handling  qualities  of  supersonic  transport  designs  was  underway. 
Although  the  published  literature  did  not  contain  extensive  flight  measured  data  and  associated  pilot  evaluations  fo. 
operational  transports,  one  of  the  design  objectives  for  the  large  subsonic  transports  and  the  supersonic  transports  was 
that  their  handling  qualities  should  be  as  good  or  better  than  those  of  the  jet  transports  then  in  ser/ice.  The  availability 
of  a  first  generation  jet  transport  led  to  a  recent  NASA  flight  program  aimed  at  documenting  its  handling  qualities  and 
response  characteristics  to  provide  a  data  base  for  comparisons  with  future  proposed  handling  qualities  ciiteria. 

As  part  of  the  documentation  program  and  because  of  its  importance  in  transport  design,  the  latt  ml  control 
capability  needed  for  maneuvering  during  approaches  and  landings  was  investigated.  By  mechanically  limiting  the 
pilot’s  control  wheel  rotation,  the  roll  control  power  available  to  him  was  varied.  Simulated  laierai  offset  approaches 
were  performed  at  altitude  in  addition  to  simulated  instrument  approaches  to  a  200-foot  visual-breakout  altitude  with 
a  subsequent  200-foot  offset  correction  and  actual  landing.  The  results  of  the  investigation  are.  reported  in  Reference  26. 
which  also  includes  comparisons  of  the  experimental  data  with  several  proposed  roll  criteria  and  with  the  results  of 
related  studies.  As  shown  in  Figure  4,  the  two  test  techniques  did  not  produce  the  same  results  for  reduced  roll  control 
power  configurations,  indicating  that  the  actual  approaches  were  more  demanding  than  the  simulated  maneuvers  at 
altitude. 

In  the  main  documentation  program,  four  pilots  evaluated  the  hanaling  qualities  of  the  four-engine  jet  transport 
under  VFR  conditions  while  performing  typical  transport  operational  maneuvers  within  the  aircraft’s  normal  operating 
fiight  envelope.  At  specific  flight  conditions,  pilots  also  rated  individual  aircraft  response  modes,  such  as  the  phugoid, 
short  period,  spiral  and  Dutch  roll,  as  well  as  the  longitudinal  and  lateral  maneuvering  control  characteristics.  The 
results  of  the  flight  evaluations  and  comparisons  of  the  experimental  data  with  various  handling  qualities  criteria  and 
requirements  are  reported  in  Reference  27. 

Reference  28  documents  the  results  from  a  flight  investigation  of  generalized  roll  requirements  for  transport 
aircraft  in  cruise  flight.  The  study  was  performed  with  a  modified  Jet  Star  general  purpose  airborne  simulator 
incorporating  a  model-controlled  variable  stability  system  and  was  the  first  handling  qualities  research  effort  using  this 
in-flight  simulator.  At  the  time  the  investigation  was  performed,  the  aircraft  was  not  cleared  for  low  altitude  operations 
with  the  variable  stability  system  functioning;  consequently,  the  flight  evaluations  were  formed  for  only  the  up-and- 
away  cruise  condition.  Figures  5  and  6  show  some  of  the  results  obtained  in  the  investigation  of  a  wide  range  of  roll 
time  constants  and  levels  of  roll  control  power.  Extensive  comparisons  of  the  experimental  data  with  the  results  of 
other  tests  and  with  several  flying  qualities  specifications  and  proposed  criteria  are  contained  in  keicrence  28. 


4.  SUPERSONiC  CRUISE  AIRCRAFT 

NASA’s  research  efforts  on  the  handling  qualities  of  supersonic  cruise  aircraft  have  involved  two  types  of 
investigations,  namely,  a  variety  of  simulation  studies  concerned  with  different  potential  problem  areas  related  to 
several  flight  regimes  and  flight  testing  of  a  large  supersonic  aircraft.  The  primary  impetus  for  this  research  was 
the  commercial  supersonic  transport  development  programs. 

The  supersonic  transport  simulation  studies  performed  by  NASA  in  the  early  1960’s  were  generalized  investig¬ 
ations  of  stability  and  control  characteristics  that  might  result  in  handling  qualities  significantly  different  from  those 
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of  the  first  generation  subsonic  jet  transports.  At  tha*  .imt  .  SA’s  theoretical  and  experimental  aerodynamic 
programs  were  exploring  the  performance  capability  sevi .  !  .apersonic  transport  configurations,  including 
fixed-geometry  delta-wing  designs  and  variable-sweep  m  \.urations.  The  evolutionary  nature  of  the  aerodynamic 
studies  limited  the  availability  of  detail  *  stability  and  control  data  for  the  simulation  programs.  Early  handling 
qualities  efforts  included  the  ground-based  simulation  (Reference  29)  of  variations  in  longitudinal  parameters  for 
a  delta-wing  design  and  a  combined  ground-based  and  in-flight  simulation  investigation  of  lateral-directional 
characteristics  of  variable-sweep  configuiauon-,  both  studies  being  concerned  with  the  instrument  approach  and 
visual  landing  task.  Reference  30  summarizes  the  experimental  results  from  the  lateral-directional  tests,  with  a 
more  detailed  description  of  the  program  and  additional  analyses  of  the  results  documented  in  Reference  3 1 .  The 
lateral-directional  investigation  was  supported  by  the  theoretical  pilot-vehicle  analyses  reported  in  Reference  32. 

By  mid-1960  the  fixed-geometry  and  the  variable-sweep  designs  were  still  in  contention  for  the  US  supersonic 
transport  development,  and  a  major  NASA  in-flight  simulation  prczram  was  undertaken  to  investigate  the  accept¬ 
ability  of  the  handling  qualities  of  each  design  for  instrument  landing  approaches.  The  test  configurations  included 
the  unaugmented  aircraft  responses  for  both  designs  and  the  characteristics  expected  from  different  stability 
augmentation  system  median-  ;  cns.  The  variable-sweep  design  was  also  evaluated  with  an  aft  center  of  gravity 
location  and  for  an  emergency  ending  with  the  wing  in  its  cruise-sweep  position.  Reference  33  describes  the 
program  and  presents  correlations  of  the  experimental  data  with  military  flying  qualities  specification  requirements 
and  several  proposed  handling  qualities  criteria  for  transport  aircraft. 

Also  underway  during  the  mid-19b0’s  was  a  joint  NASA-FAA  study  directed  at  the  interactions  and  problems 
associated  with  supersonic  transport  flights  operating  under  air  traffic  control  systems  procedures.  A  NASA  ground- 
based  simulator  was  linked  by  telephone  lines  to  an  FAA  air  traffic  control  facility  simulator,  and  both  departures 
and  arrivals  were  made  under  ATC  control.  The  investigation  resulted  in  experimental  data  on  several  potential 
operating  problems,  including  aircraft  overspeeds  as  reported  in  Reference  34  and  3-\  and  also  indicated  flight  paih 
control  difficulties  for  the  pilot  during  supersonic  climbs  and  descents.  The  benefits  of  a  more  sensitive  pitch 
attitude  indicator  and  vertical  flight  path  command  guidance  information  for  supersonic  operations  arc  reported  in 
Reference  36.  Thrust  management  problems  noted  in  Reference  36  also  provided  additional  motivation  for  the 
general  simulation  study  (Reference  37)  which  investigated  the  use  of  displays  presenting  rate  of  change  of  speed, 
potential  flight  path  angle,  and  potential  ra.e  of  climb  for  improved  thrust  control  by  the  pilot. 

Recent  NASA  simulation  programs  related  to  supersonic  transports  have  been  primarily  concerned  with  the 
take-off  and  final  landing  flare  maneuvers.  Reference  38  reports  the  results  of  a  fixed-base  simulator  study  on  the 
influence  of  different  ground-effect  characteristics  during  the  landing  flare  of  a  delta-wing  supersonic  transport 
configuration.  As  shown  in  Figure  7,  the  pilots’  evaluations  were  influenced  by  the  magnitude  of  the  control  force 
required  to  flare  the  aircraft  and  by  whether  the  nosc-dosvn  trim  change  in  ground  effect  was  apparent  prior  to  flare 
initiation.  The  investigation  documented  ir.  Reference  38  included  pilots'  assessments  of  the  ground  effect 
■haracteristics  for  both  a  subsonic  jet  transport  and  an  ogee-wing  modified  F5D-1  aircraft  for  comparison  purposes. 

Ground-based  simulation  proclaim  on  supersonic  transport  take-off  characteristics  have  been  undeiway  by 
NASA  since  the  mid-1960’s,  initially  with  a  fixed-cockrit  md  more  recently  with  a  large  amplitude  inoving-basc 
simulator.  Although  the  factors  of  primary  i  itcrest  in  take-off  simulations  are  usually  considered  to  be  aircraft 
performance  characteristics,  handling  qualities  have  at'  influence  on  the  pilot's  task  performance.  Earlier  research, 
reported  in  Reference  39,  established  the  requirements  for  valid  take-off  simulations  and  achieved  successful 
duplication  of  tai.e-off  certification  tests  using  characteristics  of  a  subsonic  jet  transport.  Preliminary  results  from 
the  study  of  take-off  characteristics  for  delta-wing  and  variable-sweep  supersonic  transport  configurations  are 
contained  in  Reference  40.  and  a  detailed  description  of  the  fixed-base  simulation  program  for  a  double-delta  design 
is  presented  in  Reference  41.  The  most  recently  reported  effort  relates  to  a  joint  NASA-FAA  program  with  British 
and  French  participation  that  was  aimed  at  the  development  of  certification  criteria  for  supersonic  transport  take-off. 
Reference  42  presents  some  of  the  results  from  the  moving-base  simulator  investigation  that  has  involved  reference 
performance,  abused  and  operationa'  take-offs.  T lie  simulator's  use  in  developing  an  accepted  airworthiness 
rwquirement  for  the  minimum  climbout  speed  with  one  engine  inoperative  is  discuswd  in  Reference  42.  and  data 
are  presented  on  pilot  action  times  during  simulated  refused  take-offs. 

A  systematic  parametric  study  of  minimum  longitudinal  handling  qualities  for  transport-type  aircraft  at 
cruise  conditions  was  recently  performed  in  flight  with  the  modified  Jet  Star  general  purpose  airborne  simulator. 
Although  the  investigation  was  not  directed  specifically  at  supersonic  transport  handling  qualities,  the  resuhs  arc 
considered  to  be  potentially  applicable  to  certain  failure  mode  situations  for  such  aircraft.  The  pilots'  evaluations 
of  the  -fleets  of  control  column  fee!  cliaraeterisl’cs.  short  period  damping,  and  static  stability,  including  negative 
static  margin  levels,  were  made  under  day  light  VFR  -conditions  in  smooth  air.  These  evaluations  included  assessments 
of  several  maneuvers  as  well  as  typical  transport  cruise  tasks.  Figure  8  piesonts  the  prim.-  y  study  results  that  were 
rbiained  with  a  constant  pitch  control  effectiveness  and  a  .vnstant  fe  rce-deflection  gradient.  The  data  indicate  that 
for  sne  condilions  of  the  evaluations  a  transport  cowl.'  h;.ve  acceptable  handling  qualities  for  failure  mode  operations 
with  some  static  instability  if  t1  e  damping  was  sufficient.  Several  test  com  .tions  near  the  minimum  s*  ibility  boundary 
were  reevaluated  in  the  flight  investigation  by  changing  the  control  feel  gr.Hi.cn t  and  gcarir-  and  it  was  found  thr* 

Inc-  basic  contrci  characteristics  used  in  tk-  primary  evaluations  were  generally  within  the  range  of  values  selcctej  as 
best  by  the  pilots. 
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During  the  1 960’s  NASA  participated  with  the  USAF  in  joint  flight  tests  of  the  XB-70,  a  large  supersonic 
cruise  aircraft.  In  the  early  envelope-expansion  flight  testing  of  this  aircraft,  an  emergency  occurred  at  a  Mach 
number  of  2.6.  During  the.  ensuing  deceleration  and  descent,  a  low  frequency  unstable  pilot-induced  lateral- 
directional  oscillation  was  experienced  when  the  stability  augmentation  system  was  turned  off.  Reference  43 
discusses  the  events  leading  to  the  pilot-induced  oscillation  and  presents  an  analysis  of  this  handling  qualities 
problem.  The  preliminary  handling  qualities  evaluations  made  during  the  initial  XB-70  flights  are  reported  in 
Reference  44  which  also  contains  comparisons  of  the  experimental  data  with  several  proposed  handling  qualities 
criteria  for  transport  aircraft.  In  tne  late  1960’s,  an  extensive  research  program  was  performed  with  the  XB-70, 
emphasizing  aerodynamic,  propulsion,  and  structure  technologies  and  some  handling  qualities  problems.  Although 
the  study  of  landing  approach  handling  qualities  was  not  a  primary  objective  in  this  program,  data  were  obtained 
from  approaches  and  landings  made  at  various  approach  speeds  and  with  different  glide  slope  angles  and  lateral 
offsets.  Reference  45  summarizes  the  flight  experiences  with  the  XB-70  during  landing  approaches  and  presents 
the  handling  qualities  data  acquired  during  the  tests. 

The  primary  results  from  pilots’  evaluations  of  the  XB-70’s  handling  qualities  throughout  the  entire  flight 
envelope  are  summarized  in  Reference  46  and  compared  with  various  handling  qualities  criteria  based  on  different 
stability  and  control  parameters.  Figure  9  shows  the  trend  of  pilot  ratings  for  two  piloting  tasks  with  the  parameter 
determined  by  the  longitudinal  short-period  natural  frequency  and  the  normal  acceleration  change  per  unit  angle 
of  attack.  This  was  found  to  be  the  best  parameter  for  correlating  XB-70  longitudinal  ratings,  including  those  for 
an  accurate  altitude  and  speed  hold  task  performed  during  sonic  boom  tests.  Reference  46  also  presents  data  on 
the  roll  rates  experienced  in  various  flight  phases  during  routine  XB-70  flying  which  indicate  that  the  highest  roll 
rates  occurred  in  landing  approach  maneuvers.  A  more  detailed  statistical  survey  of  the  XB-70’s  responses  and 
control  usage  is  reported  in  Reference  47. 

5.  TACTICAL  MILITARY  AIRCRAFT 

Two  reviewable  programs  involving  research  on  handling  qualities  of  tactical  military  aircraft  were  conducted 
during  the  1960’s  by  NASA.  The  first  involved  investigations  related  to  loss  of  control  at  high  angles  of  attack 
and  post-stall  spin-entry  behavior.  In  the  second  program,  flight  evaluations  were  made  to  study  the  potential 
benefits  of  direct  lift  control  in  formation  flying  and  aerial  refueling. 

Concern  about  the  relatively  poor  handling  qualities  of  several  tactical  military  aircraft  at  high  angles  of 
attack  and  their  poor  stall  and  spin  characteristics  led  to  a  recent  NASA  research  program  involving  wind  tunnel 
tests,  analyses,  and  simulation.  Flight  time  histories  illustrating  the  directional  divergence,  or  “nose  slice”,  response 
experienced  with  a  swept-wing  fighter  at  angles  of  attack  near  the  stall  are  presented  in  Reference  48.  This  report 
contains  static  wind  tunnel  test  results  for  the  basic  aircraft  and  also  for  configuration  modifications  aimed  at 
delaying  or  eliminating  the  instability.  In  addition,  it  presents  an  analysis  indicating  the  dynamic  characteristics  of 
the  observed  “nose  slice”  divergence.  The  essential  character  of  the  divergence  was  reproduced  in  the  investigati.'-- 
(Reference  49)  that  indicated  a  fixed-base  simulator  could  be  used  to  study  stall  and  spin  characteristics  of  fightc. 
aircraft.  A  description  of  a  recently  developed  ground-based  simulator  suitable  for  tactical  military  aircraft  handling 
qualities  research  is  presented  in  Reference  50. 

The  extensive  mid-1960  interest  in  direct  lift  control  as  a  means  of  improving  longitudinal  handling  qualities 
during  landing  approaches  of  Naval  carrier  aircraft  and  large  jet  tiansports  was  the  motivation  for  a  NASA  flight 
investigation  of  the  potential  application  of  DLC  in  the  up-and-away  flight  regime.  A  variable-stability  fighter  was 
modified  so  that  in  addition  to  their  use  for  roll  control  the  ailerons  could  be  deflected  symmetrically  as  DLC 
flaps.  Flap  actuation  was  integrated  with  the  pilot’s  control  stick,  and  the  flap-horiiontal-stabilizer  interconnect 
ratio  was  selected  by  the  pilot  to  achieve  the  best  overall  response.  The  first  .cries  of  flight  tests  indicated  that 
the  pilot’s  vertical  stationkeeping  task  during  formation  flying  coulo  be  cased  significantly  by  using  the  integrated 
DLC  controller.  These  tests  were  followed  by  an  evaluation  of  the  effect  of  direct  lift  control  and  pitch  damping 
augmentation  on  the  precision  and  ease  of  performing  the  in-flight  refueling  task.  Actual  hookups  with  a  jet  tanker 
were  made  using  the  probe-and-droguc  refueling  method.  Figure  10  presents  some  of  the  results  obtained  for  one 
pilot  during  the  hookup  period.  Both  pilots  involved  in  the  tests  noted  a  definite  improvement  with  either  pitch 
rate  augmentation  or  direct  lift  control  over  the  basic  aircraft,  and  one  remarked  '•■»«  the  integrated  DLC  controller 
was  slightly  superior. 

6.  POWERED-LIFT  STOL  AIRCRAFT 

During  the  I960’s,  NASA’s  handling  qualities  research  related  to  powered-lift  STOL  aircraft  was  centered 
about  flight  tests  of  a  variety  of  experimental  aiicraft  For  the  most  part,  the  ground-based  simulation  programs 
performed  during  this  time  period  directly  supported  the  flight  investigations,  with  simulators  being  used  in  several 
instances  to  study  handling  qualities  problems  experienced  during  initial  flight  evaluations.  Recent  research  has 
concentrated  on  exploring  the  handling  qualities  and  stability  augmentation  system  requirements  of  new  experi¬ 
mental  STOL  aircraft  under  development  and  STOL  transport  configurations  which  incorporate  powered-lift 
concepts  not  previously  flight  tested. 
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Eight  powered-lift  STOL  aircraft  were  tested  and  evaluated  in  flight  by  NASA.  These  were  the  Stroukoff 
YC-134A,  Lockheed  NC-130B,  Ryan  VZ-eRY,  Breguet  941,  Shin  Meiwa  UF-XS,  Boeing  367-80,  Convair  Model  48 
and  DeHavilland  C-8A.  The  results  from  most  of  the  flight  investigations  and  supporting  ground-based  simulation 
studies  are  documented  in  References  51  to  63.  The  aircraft  had  gross  weights  ranging  from  under  3,000  pounds  to 
over  150,000  pounds;  wing  loadings  from  23  to  over  65  pounds  per  square  foot;  and  approach  speeds  from  40  to 
90  knots.  The  majority  of  the  tested  aircraft  were  powered  by  turbo-propeller  engines,  although  two  were  powered 
by  reciprocating  engines  and  one  was  a  jet  transport  prototype  modified  with  a  boundary  layer  control  system  which 
provided  some  degree  of  powered  lift.  In  the  flight  evaluations  and  simulation  studies,  the  landing  approach  task 
received  major  emphasis.  With  some  of  the  aircraft  (e.g..  References  51,  54,  56  and  60),  only  VFR  approaches  were 
made  because  of  marginal  capabilities  of  the  aircraft  or  lack  of  adequate  displays.  Others  were  flown  on  simulated 
instrument  approaches,  and  one  (Reference  63)  was  evaluated  during  normal  and  steep  1LS  approaches  in  actual 
1FR  weather.  In  view  of  the  extensive  correlation  and  analysis  of  the  results  from  these  test  programs  (Reference  64). 
the  individual  flight  and  simulation  studies  will  not  be  reviewed  in  this  paper. 

The  increased  interest  in  powered-lift  STOL  aircraft  for  commercial  air  transportation  that  occurred  in  tne  late 
1960’s  brought  about  a  review  and  re-examination  of  NASA’s  experiences  with  such  aircraft  and  resulted  in  the 
development  of  the  airworthiness  guidelines  and  criteria  contained  in  Reference  64.  This  report  emphasizes  the 
characteristics  of  powered-lift  STOL  aircraft  in  the  landing-approach  mode  that  would  he  required  for  afe  and 
consistent  routine  civil  operations  in  a  wide  variety  of  weather  conditions.  Three  aspects  are  considered:  the 
low-speed  performance  envelope  and  safety  margin  restrictions,  take-off  and  landing  field  lengths,  and  handling 
qualities.  The  handling  qualities  criteria  presented  in  Reference  64  are  divided  into  two  groups  -  those  for  aircraft 
responses  to  pilot  control  inputs  and  those  for  stability  3nd  damping  to  limit  the  aircraft’s  response  to  external 
disturbances.  For  both  groups  two  criteria  levels  are  proposed  -  one  for  satisfactory  operation  ar.d  a  sicond  for 
safe  operation.  The  handling  qualities  items  are  expressed  in  terms  of  parameters  that  are  easily  recognized  and 
appreciated  by  the  pilot  and  readily  evaluated  in  flight  tests  for  compliance. 

Reference  64  also  presents  and  discusses  the  experimental  data  that  substantiate  each  of  the  recommended 
criteria.  Figure  1 1  shows  the  flight  tests  results  used  to  develop  the  criteria  on  lateral-control  cross  coupling,  and 
Figure  12  indicates  the  flight  and  ground-based  simulator  data  that  suppoit  the  proposed  levels  for  spiral  stability. 
Although  criteria  for  many  of  the  important  handling  qualities  factors  are  presented  in  Reference  64,  sufficient 
experimental  data  were  not  available  to  develop  quantitative  criteria  for  several  significant  facets  of  powered-lift 
STOL  aircraft  handling  qualities,  and  the  report  discusses  those  items  that  require  additional  research. 

There  arc  several  powered-lift  concepts  for  turbofan  STOL  jet  transports  that  have  not  yet  been  flight-tested 
in  experimental  aircraft.  Among  these  are  the  externally-blown  flap  and  the  augmentor  wing.  Both  of  these 
concepts  have  received  considerable  emphasis  in  NASA’s  recent  research  program  (Reference  65)  which  resulted 
from  the  increased  interest  in  civil  powered-lift  STOL  transports.  A  large  portion  of  the  recent  aerodynamic, 
propulsion,  noise,  and  handling  qualities  research  has  been  oriented  toward  new  experimental  aircraft  and 
configuration  designs  with  these  powered-lift  concepts.  References  66  and  67  present  the  results  of  simulation 
studies  of  the  handling  qualities  of  two  transport  configurations  incorporating  externally-blown  flaps.  These 
investigations  of  the  instrument  approach  task  have  been  oriented  toward  determining  the  stability  augmentation 
required  to  achieve  satisfactory  handling  qualities,  and  the  benefits  of  direct  lift  control  and  autothrottles.  In  the 
Reference  67  study,  the  visual  landing  task  was  included  in  order  to  evaluate  the  ground-effect  characteristics 
expected  for  the  externally-blown  flap  configuration. 
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7.  VTOL  AIRCRAFT 

Since  the  early  1960’s  NASA’s  handling  qualities  research  on  VTOL  aircraft  has  included  major  efforts  on 
ground-based  and  in-flight  simulation  studies,  display  investigations,  and  flight  tests  with  experimental  aircraft. 
Recent  helicopter  handling  qualities  research  has  been  rather  limited,  and  emphasis  has  been  primarily  on  research 
oriented  toward  non-rotary  wing  VTOL  concepts.  Although  work  has  been  done  on  hovering  and  low-speed 
visual  flight,  most  of  the  recent  research  has  concentrated  on  IFR  terminal  area  operations  and  has  followed  very 
closely  the  considerations  and  recommendations  made  by  Reeder  in  the  mid-1960’s  and  reported  in  Reference  68. 

References  69  to  71  present  results  from  early  1960  flight  handling  qualities  investigations  with  three  different 
helicopters.  One  of  these,  the  13.000  pound  tandem-rotor  transport  hciicoptcr  reported  in  Reference  69.  had  been 
selected  for  use  as  a  variable-stability  aircraft.  Before  the  modifications  were  made,  several  of  its  unaugmented 
stability  and  control  characteristic*  were  evaluated  to  determine  the  applicability  of  V/STOL  handling  qualities 
specifications  to  a  helicopter  of  its  size  and  configuration.  The  question  cf  the  effect  of  a  helicopter’s  size  on 
handling  qualities  criteria  also  led  to  flight  tests  of  a  one-man  helicopter  with  a  gross  weight  of  appro  .imately  500 
pounds  (Reference  70)  and  an  evaluation  with  a  30.000  pound  single-rotor  helicopter  having  variable  control 
sensitivity  and  angular  rate  damping  in  the  pitch  and  roll  axes  (Reference  71). 

Recent  helicopter  handling  qualities  research  has  centered  on  hingeless  rotor  systems  and  compound 
helicopters.  Initial  iTght  tests,  documented  in  Reference  72.  were  performed  with  a  rudimentary  hingeless  rotor 
system  installed  on  a  standard  Army  observation  helicopter.  Both  a  turbine-powered  helicopter  with  a  more 
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refined  hingeless  rotor  system  and  a  teetering-rotor  helicopter  were  then  used  in  a  flight  investigation  on  the 
handling  qualities  factors  limiting  the  performance  of  simulated  nap-of-the-earth  tactical  maneuvers.  As 
reported  in  Reference  73,  the  initial  angular  response  characteristics,  particularly  about  the  roll  axis,  and  the 
sensitivity  of  the  height  control  had  significant  influences  on  the  pilot’s  ability  to  rapidly  maneuver  the 
helicopters  over  the  various  test  courses.  Results  from  flight  evaluations  of  a  hingeless  rotor  compound  helicopter, 
one  of  several  experimental  high-speed  rotary-wing  aircraft  tested  in  recent  years,  are  documented  in  Reference  74, 

Research  on  VTOL  hovering  and  low-speed  handling  qualities  under  visual  flight  conditions,  performed  in 
the  early  and  mid- 1960’s,  were  accomplished  using  two  variable  stability  aircraft,  the  X  14A  and  the  CH-46B 
helicopter,  and  a  ground-based  6  .legree-of-freedom  motion  simulator.  Major  emphasis  was  placed  on  control 
power  considerations  because  of  their  significant  in  fluence  on  the  design  of  jet  VTOL  aircraft.  Reference  75 
presents  the  results  from  an  X-14A  flight  test  investigation  of  the  effects  of  lateral  control  power,  control 
sensitivity,  and  rate  damping  on  the  pilot’s  performance  of  precision  hover  and  maneuvering  tasks.  X-14A 
flight  data  were  correlated  with  initial  6-degree-of-freedom  simulator  results,  and  the  simulator  was  then  used  to 
investigate  lateral  handling  qualities  during  hover  and  low-speed  maneuvers  with  acceleration,  rate,  and  attitude 
control  systems.  As  reported  in  Reference  76,  the  study  indicated  that  the  attitude  control  system  realized  the 
most  favorable  pilot  ratings  and  was  evaluated  as  satisfactory  at  lower  lateral  control  power  levels.  Additional 
information  on  the  effects  of  simulated  disturbances  and  the  influence  of  control  non-linea  .»  contained  in 
Reference  77. 

Pilot  evaluations  of  control  power  and  damping  for  both  the  roll  and  pitch  axes,  obtain-  I'ui.t  the  X-14A 
and  the  6-degree-of-freedoin  simulator,  are  presented  in  Reference  78  which  also  reports  on  the  effects  of  decreasing 
the  degrees  of  simulator  motion.  Figure  1 3  shows  that  at  least  2  degrees  of  motion  freedom  were  required  to 
obtain  results  essentially  similar  to  the  flight  data  when  roll  axis  maneuvers  were  rated.  The  X-14A  and  the 
6-degree-of-freedom  simulator  were  also  used  to  investigate  a  direct  side  force  system  for  low-speed  lateral 
maneuvering.  As  reported  in  Reference  79,  satisfactory  handling  qualities  were  achieved  at  lower  roll  control 
power  levels  far  a  simple  lateral-offset  maneuver,  but  the  system  was  not  preferred  by  the  pilots  for  the  more 
complex  maneuvering  tasks  evaluated.  Additional  data  from  tests  with  the  X-14A,  including  the  effect  of  the 
roll  control  system  time  constant,  are  contained  in  Reference  80. 

Research  performed  with  the  variable  stability  CH-46B  helicopter  on  precision  hover  and  low-speed  visual 
flight  tasks  included  the  investigation  of  control  power  and  sensitivity  effects  for  the  pitch,  roll,  and  yaw  axes 
reported  in  Reference  81.  Height  control  considerations,  ncluding  pilot  evaluations  of  thrust-to-weight  ratio, 
height  control  sensitivity,  vertical  damping  anu  lifting  system  response  time  delay,  were  also  studied.  As  noted  in 
Reference  82.  the  results  indicated  that  the  task  involving  acceleration  and  climbout  from  hover  imposed  a  more 
stringent  requirement  on  the  thrust-to-weight  ratio  than  the  deceleration  to  arrest  the  descent  rate  at  the  end  of 
a  landing  approach.  Consideration  of  simultaneous  attitude  control  usage,  a  matter  of  particular  importance  for 
VTOL  aircraft  with  reaction  control  systems,  was  also  investigated  with  the  CH-46B  helicopter.  The  results  of 
the  flight  study  of  various  maneuvering  tasks  are  contained  in  Reference  83.  Another  program  using  the  variable 
stability  helicopter  was  a  study  of  on-off  controllers  for  pitch  and  roll  control.  Initial  results  of  the  effects  of 
control  power  level,  rate  damping,  out-of-trim  conditions,  static  stability,  and  simulated  disturbances  are  contained 
in  Reference  84,  and  Reference  85  documents  the  complete  flight  investigation.  Related  handling  qualities  data 
obtair  .d  from  flight  tests  of  a  lunar  landing  research  vehicle  are  reported  in  Reference  86. 

In  the  mid-1960’s  Reeder  pointed  out  the  need  for  greatly  improved  displays  in  order  to  achieve  successful 
VTOL  terminal  area  operations  under  instrument  weather  conditions.  A  NASA  research  program  was  initiated  to 
evaluate  a  variety  of  displays  with  the  eventual  aim  of  achieving  approaches,  decelerations  to  hover,  and  vertical 
descents  to  touchdown  under  instruments  in  zero-zero  conditions.  Various  information  display  concepts  for  VTOL 
aircraft  instrument  landings  arc  categorized  and  described  in  Reference  87  which  selves  as  a  basic  guide  to  the 
individual  flight  tests  of  increasingly  sophisticated  display  systems  performed  with  a  helicopter  •’s  the  test  vehicle. 
Tile  first  display  incorporated  a  vertical  situation  flight  director  indicator,  a  horizontal  situation  indicator,  and 
small  vertical  scale  instruments  for  airpseed,  altitude,  and  several  other  measurements.  As  reported  in  Reference  88. 
four  configurations  of  the  guidance-attitude  elements  of  the  display  were  evaluated.  With  the  best  system, 
satisfactory  guidance  along  a  6-dcgrcc  glide  slope  could  be  maintained  at  airspeeds  below  that  for  minimum  power. 
Although  instrument  approaches  to  a  50-foot  br<  ikout  and  visual  slowdowns  to  hover  could  be  flown  with  fairly 
high  repeatability,  the  operational  use  of  the  test  displays  would  require  considerable  pilot  training.  The  task  of 
reducing  speed  under  instrument  conditions  was  generally  too  difficult  with  the  cross-pointer  type  displays. 

Displays  subsequently  evaluated  in  this  program  included  a  moving-map  instrument  (Reference  89),  a  closed- 
circuit  television  system  (Reference  90),  a  contact-analog  (Reference  91),  and  a  system  incorporating  both  moving- 
graph  and  moving-man  pictorial  situation  displays  (Reference  92).  Although  vertical  landings  with  the  test 
helicopter  have  been  accomplished  under  simulated  zero-zero  conditions  using  the  real  world  display  of  the  closed- 
circuit  television  system,  this  task  has  not  been  accomplished  successfully  with  any  of  the  other  display  systems 
evaluated. 

Inflight  simulation  .Undies  oriented  toward  1FR  terminal  area  operations  have  been  underway  with  the 
variable  stability  CH-46B  helicopter  since  early  1 960.  The  initial  tests  in  this  c  .  .uing  program  were  related  to 
stability  and  control  characteristics,  and  the  more  recent  investigations  have  con.  ntrated  on  command 
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augmentation  control  systems  and  display  concepts,  with  the  eventual  aim  of  successfully  performing  safe  1FR 
curved  decelerating  approaches  to  an  instrument  hover  and  landing.  The  recent  studies  have  been  closely 
associated  with  the  display  evaluations  discussed  previously.  Reference  93  describes  the  results  of  flight  simulations 
in  which  variations  in  directional  static  stability  and  damping,  dihedral  effect,  and  directional  control  sensitivity 
were  evaluated  in  both  VFR  descending  approaches  and  hooded  instrument  approaches  on  a  3-degree  glide  slope. 
Effects  of  changes  in  longitudinal  characteristics,  including  angle-of-attack  stability,  speed  stability,  pitch  damping, 
and  longitudinal  control  sensitivity,  were  then  evaluated  during  1FR  up-and-away  maneuvers  performed  with  the 
variable  stability  CH-46B  helicopter.  The  results  of  these  tests  are  reported  in  Reference  94  and  compared  with 
data  from  other  longitudinal  handling  qualities  investigations  in  Reference  95. 
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Recent  CH-46B  flight  evaluations,  aimed  at  developing  a  capability  of  instrument  decelerating  approaches  to 
hover,  have  been  made  with  the  helicopter’s  electronic  equipment  being  used  to  mechanize  command  augmentation 
control  systems  and  flight  director  display  logics.  Constant  speed,  constant  6-degree  glide  slope  instrument 
approaches  to  50-foot  altitude  have  been,  included  in  the  program  to  serve  as  a  basis  for  comparison  with  the 
decelerating  approaches.  In  the  constant  speed  tests  reported  in  Reference  96,  the  control-display  configuration 
included  attitude  command  stabilization  in  pitch  and  roll,  automatic  turn-following  in  yaw,  a  moving  map 
instrument  and  flight  director  commands  for  pitch,  roll  and  power  presented  on  an  attitude  director  indicator. 
Although  with  this  system  the  pilot  could  perform  acceptable  constant  speed  approaches  on  a  consistent  basis 
using  relatively  small  control  inputs,  the  task  of  tracking  three  flight  director  commands  tended  to  detract  from 
his  ability  to  scan  the  remaining  instruments,  and  he  had  some  doubts  as  to  the  overall  status  of  the  approaches. 
References  97  and  98  report  the  results  of  the  recent  flight  evaluations  of  the  instrument  decelerating  approaches 
made  along  a  6-degree  glide  slope,  and  also  describe  instrument  hover  tests  performed  to  establish  the  constant 
flight  director  gains  used.  During  the  initial  testing  when  the  flight  director  logics  were  being  developed,  a  glide 
slope  dropout  problem  was  encountered  that  was  found  to  be  related  to  the  helicopter’s  power-required 
characteristics.  As  shown  in  Figure  14.  glide  slope  tracking  performance  improved  when  a  body-mounted  normal 
accelerometer  signal  was  used  instead  of  the  height  control  position  signal  in  the  flight  director  logic  for  power 
commands.  Even  with  this  improved  logic,  the  pilot’s  workload  was  very  high,  and  the  tests  indicated  the  need  for 
better  integration  of  displayed  command  and  situation  information. 


3 


3 


Recent  NASA  flight  tests  with  experimental  VTOL  aircraft  have  investigated  configuration-oriented  handling 
qualities  factors,  with  emphasis  on  low-speed  characteristics  affecting  terminal  area  instrument  flight  operations. 

The  five  tested  aircraft,  representing  four  different  VTOL  concepts,  were  the  tilt-wing  CL-84  and  XC-I42A,  the 
vectored  jet  thrust  Kestrel,  the  lilt  fan  XV-5B.  and  the  mixed  jet  propulsion  DO-31.  They  had  different  degrees  of 
sophistication  in  the  displays  and  stability  augmentation  systems  installed,  and  consequently,  the  ability  to  simulate 
instrument  approaches  varied.  The  Kestrel,  a  single-place  aircraft  with  no  augmentation,  represented  one  end  of 
the  spectrum,  and  the  DO-31,  a  two-place  aircraft  with  attitude  command  stabilization  and  1FR  displavs,  represented 
the  other  end  Flight  evaluations  of  the  CL-84  were  performed  in  the  mid-1960's.  and  tests  of  the  other  four 
aircraft  were  only  recently  concluded. 

Tile  abbreviated  flight-test  evaluation  of  the  CL-84.  reported  in  Reference  99.  was  concerned  primarily  with 
the  handling  qualities  in  the  hover  and  transition  inodes  of  flight  and  did  not  include  simulated  instrument 
approaches.  However,  characteristics  that  miglu  affect  glide  path  control  during  terminal  area  instrument  operations 
were  investigated.  The  handling  qualities  of  the  CL-84  in  hover,  transition,  and  cruise  were  considered  good  by  the 
NASA  pilots,  abhough  low  normal-velocity  damping  was  experienced  at  a  low  approach  speed  which  affected  the 
aircraft's  open  loop  rate  of  descent  stabilization  following  a  slow  decrease  in  power.  In  the  XC-142A  flight 
program,  two  stability  augmentation-display  configurations  were  evaluated  in  tests  that  included  complete  terminal 
area  operations  initiated  by  instrument  penetrations  in  the  cruise  configuration.  As  noted  in  Reference  100. 
modifications  in  the  stability  augmentation  from  a  rate  system  to  a  low-gain  attitude  system  and  changes  from 
conventional  flight  director  displays  to  VTOL  flight  director  logics  significantly  improved  the  low-speed  instrument 
approach  capability.  The  XC-142A  pilots  also  evaluated  the  minimum  comfortable  altitude  for  breakout  from  a 
simulated  instrument  approach  to  a  visual  land'-tg.  and  Figure  15  shows  that  the  results  were  affected  by  both 
the  approach  speed  and  the  glide  slope  angle. 


The  XV-5B  flight  program,  summarized  in  Reference  1 01.  emphasized  simulated  precision  instrument  landing 
approaches  and  investigated  the  effects  of  variations  in  aircraft  deck  angle,  dccelciation  schedule,  and  powered-lift 
management  on  the  handling  qualities  during  approaches  that  included  decelerations  along  the  glide  slope  to  a  spot 
hover.  The  pilot  preferred  a  deck  angle  parallel  to  the  glide  slope  during  the  approach  rather  than  a  deck-level 
altitude,  and  with  the  preferred  technique  used  the  powered-lift  collective  control  to  correct  glide  slope  errors 
while  maintaining  near  zero  angle  ot  attack  with  the  longitudinal  pitch  control.  It  was  also  found  in  the  XV-5B 
tests  that  the  pilot's  wo.kload  was  reduced  if  the  deceleration  schedule  was  delayed  until  the  aircraft  was  well 
established  on  the  glide  slope.  Basic  operational  aspects  of  VTOL  instrument  approaches,  derived  from  the  most 
recent  NASA  flight  studies  with  experimental  VTOL  aircraft  including  the  Kestrel  and  1)0-31.  are  outlined  hi 
Reference  102. 

In  the  last  several  years  the  status  of  a  major  portion  of  NASA's  VTOL  aircraft  handling  qualities  research, 
particularly  the  programs  involving  display  evaluations,  in-flight  IFR  simulations,  and  experimental  aircraft  flight 
‘ests.  has  been  reported  in  papers  presented  at  various  technical  society  meetings.  These  reports.  References  103 
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to  1 07,  have  summarized  the  highlights  of  much  of  NASA’s  VTOL  terminal  area  research  work  and  have  indicated 
the  strong  interaction  between  displays,  stability  augmentation  systems,  and  basic  airframe  characteristics  on  the 
handling  qualities  of  VTOL  aircraft. 


8.  CONCLUDING  REMARKS 

Primarily,  this  paper  has  considered  the  past  with  regard  to  NASA’s  handling  qualities  research.  Many  of  the 
programs  reviewed  in  the  paper  are  continuing,  and  others  are  currently  underway.  Research  on  general  aviation 
aircraft  will  continue  to  emphasize  improved  stability  augmentation  systems,  displays,  and  automatic  coupling  with 
guidance/navigation  systems  to  achieve  complete  1FR  capability  in  adverse  weather  conditions,  and  will  explore  new 
methods  for  improving  light  aircraft  handling  qualities  to  aid  the  relatively  inexperienced  pilot.  Subsonic  jet  trans¬ 
port  research  will  emphasize  super-critical  wing  technology.  Related  handling  qualities  efforts  will  increase  as  more 
refined  aerodynamic  configuration  data  become  available  and  super-critical  wing  experimental  aircraft  enter 
extensive  flight  testing.  NASA’s  handling  qualities  research  related  to  supersonic  cruise  aircraft  will  include 
continuing  activities  to  develop  improved  certification  criteria  for  supersonic  transports  and  expanded  research  on 
strategic  military  aircraft.  Tactical  military  aircraft  research  will  emphasize  the  handling  qualities  problems 
occurring  a*  high  angles  of  attack  during  maneuvering  conditions,  and  STOL  aircraft  research  will  center  about  new 
configuration  concepts  and  experimental  aircraft  incorporating  augmentor  wings,  externally-blown  Haps,  and  lift 
fans.  A  wide  variety  of  VTOL  aircraft  handling  qualities  research  will  continue,  emphasizing  terminal  area  instrument 
flight  operations  and  the  improvements  needed  in  displays,  command  guidance  information,  and  stability  augmenta¬ 
tion  systems  to  achieve  an  instrument  decelerating  approach  to  hover  capability.  Expanded  activities  on  new 
rotary-wing  aircraft  concepts  and  special  helicopter  piloting  tasks  will  also  be  included.  The  importance  of  the 
pilot  is  recognized  in  NASA's  overall  aeronautics  program,  and  handling  qualities  research  will  remain  a  significant 
part  of  the  total  research  effort  in  the  future. 
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LEAD  DISCUSSION 
by 

Domenico  Covelli 
FIAT  Sez.  Velivoli 
10146  Torino,  Italy 


To  con: nt  on  the  great  amount  of  research  on  handling  qualities  carried  out  by  NASA  in  the  last  ten 
years  and  presented  to  us  by  Mr.  Nasicko  is  a  rather  hard  task  considering  I  have  only  ten  minutes 
to  do  it. 

Therefore  I  will  expose  only  some  considerations  on  this  paper  with  the  intention  of  raising  a  useful 
discussion  by  the  present  delegates  to  the  Meeting. 

A  first  consideration:  we  can  say  that  the  research  work  conducted  by  NASA  has  been  addressed  especially 
to  find  out  new  evaluation  criteria  or  new  requirements  for  handling  qualities,  stressing  the  pilot's 
ability  to  perform  the  required  task.  Therefore  we  can  define  such  handling  qualities  criteria  as 
"task  oriented”.  I  completely  agree  with  this  principle  which  is  understood  in  the  definition  of 
handling  qualities  given  by  Cooper  and  Harper  and  mentioned  in  Mr.  Masicko’s  paper. 

But  if  we  consider,  as  an  example,  a  typical  task  which  has  been  the  subject  of  many  investigations, 
namely  the  approach  and  landing  task,  we  realize  that  despite  the  great  evolution  in  aircraft  in  terms 
of  performance,  physical  dimensions  and  aerodynamic  configuration,  this  task  has  remained  practically 
the  same  -  that  is,  follow  a  straight  path  with  mare  or  less  slope  with  respect  to  the  grand,  holding 
the  speed  constant.  This  was  valid  for  a  DC-3,  as  now  for  a  Jmbo  Jet  or  a  Concorde.  But  if  the  task 
is  the  same,  and  I  assume  also  the  pilots  are  the  same,  why  new  criteria? 

Obviously  we  have  to  recognize  that  if  the  task  is  the  same  the  conditions  inder  which  the  task  must 
be  performed  have  changed,  as  tor  exanple  the  approach  speed,  the  behaviour  of  the  modem  aircraft  under 
external  disturbances,  and  the  presence  of  new  augmentation  systems  and  sophisticated  pilot  displays. 

Me  I  rave  to  conclude,  in  a  rather  obvious  manner,  that  the  handling  qualities  criteria  are  determined  not 
only  by  the  task  but  also  by  the  conditions  under  which  the  task  is  performed. 

But  if  we  look  at  the  evolution  of  handling  qualities  criteria  and  at  the  enormous  quantity  of  research 
studies  which  have  determined  this  evolution,  my  feeling  is  that  at  least  until  today,  the  purpose  of 
this  research  was  to  solve  the  immediate  problems  that  were  brought  about  by  changing  the  task  conditions 
rather  than  an  attempt  to  solve  the  more  general  problem  of  the  interaction  between  man  and  machine.  The 
approach  followed  could  bo  defined  as  a  pragmatic  way  to  attack  the  problem  and  one  which  gave  us  results 
of  limited  application.  It  would  be  very  difficult  to  extrapolate  the  results  of  this  handling  qualities 
research  even  to  similar  aircraft  but  operating  in  different  conditions  until  we  get  more  accurate  know¬ 
ledge  about  the  role  of  the  pilot  in  accomplishing  the  task. 

I  don't  want  to  say  that  the  importance  of  the  pilot  has  been  ignored.  In  fact,  there  are  well  known 
studies  conducted  by  Messrs.  Ashkenas  and  McRuer  of  S.T.I.  and  by  others  with  the  purpose  of  describing 
pilot  behaviour  by  a  mathematical  irodel,  not  just  to  replace  the  pilot  with  s  "paper  pilot",  but  because 
modern  servomechanism  theory  can  be  very  useful  in  understanding  pilot  behaviour  and  in  the  interpreta¬ 
tion  of  the  pilot's  assessment.  I  appreciate  very  much  this  new  approach  because  I  feel  it  is  a  first 
attest  to  solve  the  general  problem. 

I  world  like  to  conclude  with  an  expression  of  appreciation  for  the  NASA  research  on  aircraft  handling 
qualities,  pointing  out  the  need  for  synthesis  work  aimed  at  getting  a  better  understanding  of  the  inter¬ 
action  between  the  pilot  and  aircraft  to  get  the  maximum  benefit  from  this  impressive  research. 
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OPEN  DISCUSSION 


D.  Davies,  ARB,  UK 

What  are  the  contributions  of  all  the  research  to  civil  aviation?  This  is  really  a  plea  to 
research,  not  to  get  too  far  ahead,  but  to  aid  civil  aviation  with  the  problems  which  are  presently 
causing  difficulties. 

3.  Wykes,  RAR,  USA 

My  comment  is  to  reiterate  that  technical  people  need  time  to  do  their  jobs  and  do  them  correctly. 
C.B.  Westbrook,  AFFDL,  USA 

The  trade-offs  encountered  during  the  development  of  aircraft  are  numerous  and  what  we  don’t  have 
is  any  clear-cut  incentives  for  the  designer  or  procurement  activity  to  judge  what  he  is  willing  to  pay 
for.  We  need  this  in  the  early  stages  of  the  development,  not  after  the  aircraft  is  flying. 

J.  Teplltz,  FAA,  USA 

I  agree  with  Mr.  Davies.  It  was  only  recently  that  FAA  could  fund  research.  Our  programs  are 
for  the  benefit  designer  and  the  standards  for  civil  application. 

Sqn  Ldr  D.C.  Scouller,  RAF/ETPS,  UK 

It  is  clear  from  discussion  that  spin  characteristics  are  causing  difficulty  with  modern 
military  aircraft.  Would  anyone  tell  me  whether  it  is  possible  to  build  an  aircraft  specifically  for 
spin  research  since  this  is  an  area  in  which  knowledge  is  poor.  I  suggest  such  a  vehicle  would  require 
variable  control  power,  variable  stability  and  variable  Inertia  characteristics. 

J.  Gallagher,  Northrop  Aircraft,  USA 

The  new  VSS  fighter  aircraft  that  USAF  is  undertaking  could  be  designed  to  investigate  various 
areas  of  stall  and  spins. 
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PANEL  DISCUSSION 

TH&C:  WERE  DO  MB  GO  FROM  HERE? 

Chairmen:  P.  Least*,  Aerospatiale,  Toulouse,  France 

K.H.  Doetsch,  DFVLR  Institut  fur  FlugfUurung,  Braunschweig,  Germany 

O.H.  Gerlach,  Delft  Utaiversity  of  Technology,  Delft,  Netherlands 

W.T.  Hamilton,  The  Boeing  Company,  Seattle,  Mashing ton,  USA 

D.M.  McGregor,  National  Research  Couicil,  Ottawa,  Ontario,  Canada 

J.B.  Scott-Wilson,  Hawker  Siddeley  Aviation  Ltd,  Moodford  Aerodrome ,  England 

J-C.  Manner,  Service  Technique  Aeronautique,  Paris,  France 


Introduction  by  P.  Leconte 

We  have  spent  three  days  discussing  various  aspacts  of  handling  qualities  criteria  and  require¬ 
ments,  trying  to  outline  where  we  stand.  I  think  that  the  presentations  and  discussions  have  brought 
into  light  certain  numbers  of  points  of  view,  sometimes  consistent,  sometimes  conflicting.  These  have 
been  identified  as  a  larga  number  of  uncertainties  or  problem  erase.  Finally,  the  only  absolutely 
sound  requirement  was  and  still  is,  the  aircraft  should  be  safe  and  efficient  for  an  average  pilot. 

So  the  problem  exists  for  tha  contracting  agancy  which  has  to  inaura  that  he  la  spending  the  money  he 
has  for  a  product  which  will  meet  its  objectives.  But  he  does  not  want  to  spand  too  much  money  by 
being  unduly  exacting  to  tha  product,  Tha  problem  exists  for  tha  authorising  authority,  who  has  the 
duty  of  being  sure  that  the  aircraft  will  be  sufficiently  safe  In  service,  but  on  tha  other  hand,  he 
does  not  want  to  prohibit  the  progress  of  public  transport.  The  problem  exists  for  the  designer  who 
has  to  design,  and  build  an  aircraft  to  meat,  to  some  extent,  unknown  requirements  or  insufficiently 
defined  requirements  and  on  the  other  hand  that  if  they  are  too  much  defined  his  freedom  to  make  a 
successful  aircraft  will  ba  very  limited.  And  finally  a  problem  for  the  people  in  charge  of  acceptance 
to  check  wlch  the  products  they  have  in  hand  to  see  If  they  meet  the  objectives. 

J  .B.  Scott-Wilson 

I  was  very  tempted  to  start  getting  involved  with  criteria  and  raqulrementa.  After  thinking 
about  it,  it  seems  to  me  that  there  waa  a  broader  picture  emerging  from  the  course  of  our  meeting 
here.  This  is  a  very  unique  meeting  because  we  have  researchers,  certlficatora,  and  contractors  all 
looking  with  different  views  on  the  same  topic.  In  my  office,  I  have  two  books  -  one  in  BCAR’s 
(British  Civil  Airworthiness  Raqulrementa)  and  tha  other  is  AvP  970  which  la  actually  thra#  books  snd 
slightly  bigger  than  tha  BCAK'a.  As  far  «s  BCAU'a  art  concerned  they  provide  me  with  a  vary  clear  guide 
which  I  know  was  baaed  on  experience,  and  I  know  it  la  International  and  In  addition  I  know  that  it  is 
updated  very  frequently.  We  have  heard  from  Mr.  Andrews  that  AvP  970  la  going  to  be  updated,  from 
Mr.  Wanner  that  they  would  probably  usa  8785  and  thanks  to  Mr.  Westbrook  I  have  read  MIL-F-8785. 

I  noted  that  from  8785  that  from  1954  to  1968  apparently  it  was  unaltered. 

I  think  the  difference  between  whet  the  civil  people  do  end  what  the  military  people  do  la 
very  significant.  X  know  Chet  if  I  have  a  question  on  the  civil  side,  I  can  ring  somebody  up  at 
ARB  and  they  will  explain  the  requirement  to  me.  On  the  military  side,  the  situation  isn't  so  clear, 
and  I  do  believe  that  one  thing  that  amergas  from  thii  meeting  la  the  need  for  much  clearer  Integration, 
across  the  western  world, of  military  raqulrementa,  I  think  thara  la  a  big  fiald  hara  where  a  lot  could 
be  done.  Instead  of  aach  country  or  service  doing  hla  little  bit,  I  think  that  a  common  standard  could 
cover  a  large  part  of  the  requirements.  This  would  have  the  benefit  of  being  updated  regularly  and 
allowing  each  country  to  comment  and  feed  into  it  their  experience.  For  instance,  the  V/STOL  require¬ 
ments  we  have  MIL-F-83300,  from  the  United  States  Air  Force  and  AGARD  produced  577  as  a  compendium  of 
experience  of  the  various  NATO  countries.  I  think  that  it  is  true  to  say  that  it  (AGARD  577)  has  a 
wider  background  of  data  than  waa  available  to  go  into  83300.  So  hare  is  another  case  where  more  coopera¬ 
tion  and  integration  could  well  produce  e  batter  standard  of  requirements,  Another  facet  which  cornea 
out  of  the  civil  requirement,  la  that  civil  people  are  very  aware  of  the  Importance  of  performance  to 
the  contractor  and  that  handling  qualities  and  performance  are  very  closely  integrated.  Certainly  more 
closely  than  that  indicated  in  8785B.  Don't  let's  separate  performance  and  handling  qualities. 

On  turbulence,  ue  are  having  a  meeting  in  the  Spring  of  1973  on  flight  in  turbulence.  My 
impression  is  that  the  clear  air  turbulence  situation  is  making  big  atudies.  But  in  the  V/STOL  case, 

quite  close  to  the  ground,  we  still  have  a  fair  way  to  go  to  really  establish  the  right  sort  of  models 

from  enough  measures.  In  particular,  to  identify  tha  worse  possible  case  in  the  way  of  gusts  either 
due  to  hot  spots  in  tha  atmosphara  or  flow  around  buildings. 

The  third  comment  la  on  simulation.  I  just  wonder  if  we  put  enough  fear  content  into  our  simula¬ 
tions.  I  heard  two  comments  regarding  situations  where  the  pilot  was  frightened  and  that  it  must  have 
an  impact  on  his  workload  capability.  How  we  put  this  in,  1  don't  know,  but  certainly,  the  difference 
between  flying  a  simulator  and  flying  something  where  you  know  you  are  in  highly  dangerous  position, 
must  produce  a  different  human  reaction. 

D.M.  McGregor 

In  working  with  the  AGARD  committee  on  handling  qualltlaa  and  looking  into  AGARD  577,  it  teems  that 
the  main  problem  was  coming  up  with  reliable  deta  In  a  useful  form.  Thle  wes  the  basic  reason  it  took  so 
long  to  come  out.  As  Mr.  Harper  pointed  out  earlier  in  the  week  the  pilot  rating  without  pilot  comments 

are  virtually  useless,  because  you  can't  possibly  tell  why  the  pilot  rated  it  so.  Thus  my  plea  is  that 
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we  should  cry  to  come  up  with  some  standard  way  of  gathering  Information  and  even  more  important  a 
standard  way  of  presenting  the  Information  and  recording  It.  The  evaluation  maneuvers  contained  in 
the  back  of  AGARS  577  are  an  attempt  to  do  this  and  try  to  at  least  get  V/STOL  aircraft  assessed  a 
particular  way.  Seth  Anderson  has  been  asked  by  the  Flight  Mechanics  Panel  to  act  as  the  central 
clearing  house  for  any  ccmnents  regarding  AGARD  577  and  Its  updating. 

The  main  problem  in  the  V/STOL  area  seems  to  be  the  lack  of  information  about  Instrument  flying 
criteria.  We  don't  seem  to  be  clever  enough  right  now  at  combining  various  aspects  of  handling  qualities, 
display  requirements,  and  the  man-machine  system  under  these  conditions. 

AGARD  can  operate  in  a  standardizing  role.  In  one  of  two  ways  it  has  started  right  now  in  a 
working  group  chaired  by  Prof.  Gerlach  of  the  Ketherlands  which  is  going  to  look  into  simulation.  Part 
of  their  responsibility  is  coming  up  with  a  standardized  model  of  the  atmosphere  for  take-off  and 
landing  simulations,  standaiuization  of  ILS  noise,  maneuvers  for  simulator  handling  qualities  evaluations 
and  the  providing  of  data  for  reference  aircraft. 

O.H.  Gerlach 

I  think  our  main  gap  of  knowledge  can  be  described  as  follows:  The  final  judgment  of  the 
acceptability  handling  qualities  parameters  is  based  on  the  pilot’s  opinion.  We  are  still  tar  removed 
from  the  situation  where  we  have  a  full  and  satisfactory  understanding  of  the  way  in  which  the  pilot 
arrives  at  his  opinion  and  comments.  i'v-;  pilot  workload  seems  to  be  the  catchword.  It  occurs  to  me 
that  the  Flight  Mechanics  Panel  could  co  something  to  fill  this  gap.  Not  new  research,  but  to  bring 
together  the  people  involved  to  involve  cooperation. 

K.H.  Doetsch 

The  requirements  must  be  written  so  that  they  are  directly  translatable  to  the  designer. 

I  think  better  monitoring  for  the  pilot  -  the  pilot  should  have  available  to  him  the  information 
regarding  the  energy  remaining,  not  only  throttle,  but  also  the  energy  in  the  form  of  kinetic  energy. 

•  s  additional  point,  requirements  must  remain  flexible.  The  way  I  did  this  in  43  was  to  give  a 
discussion  of  what  I  meant  by  it.  I  think  it  is  verv  important  to  have  a  good  explanation  of  all  of 
the  requirements. 

0  should  keep  open  numerical  values  that  have  to  be  achieved  right  up  to  the  last  moment  of 
fixing  the  specification  and  mission  of  a  particular  aircraft.  There  are  few  figures  that  can  be 
applied  generally, those  that  apply  to  the  human  being.  But  most  figures  are  really  related  to  the 
mission  and  standard  of  training  the  pilot  has  had. 

AGARD  represents  a  very  vast  background  of  experience  and  this  should  be  gathered  continuously, 
updating  and  standardizing  requirements. 

W.T.  Hamilton 

I  believe,  first,  from  th'-  standpoint  of  establishment  of  criteria  and  requirements,  that  we 
should  arrive  at  very  basic  or  fundamental  criteria  and  based  on  these  criteria  we  should  then  select 
requirements  for  the  particular  aircraft  task  we  have  in  mind. 

There  is  still  room  for  investigation  into  the  area  of  pilot  opinion  and  comments.  Another  area 
I  feel  is  important  is  in  the  area  of  establishing  prio'ities  for  the  various  criteria  and  determining 
how  to  best  achieve  the  most  effective  aircraft  for  the  'oney  available.  This  approach  may  force  you 
to  a  point-designed  aircraft,  which  will  not  have  the  versatility  of  the  aircraft  of  the  past. 

J-C.  Wanner 

I  shall  propose  three  things  about  the  problem  criteria.  I  think  that  the  approach  made  by  Mr. 
Anderson  is  a  very  good  one.  If  we  use  a  more  sophisticated  model  of  the  pilot,  mainly  if  we  take  into 
account  more  than  one  degree  of  freedom.  I  think  the  pilot  does  not  work  at  all  like  an  autopilot.  I 
did  not  insist  enough  yesterday  on  that  point  when  gave  a  description  of  my  pilot  model.  All  of  the 
operation  in  each  loop  are  fulfilled  successively  ai.J  the  different  loops  are  switched  on  successively. 
The  successive  switching  on  are  not  random,  but  are  chosen  by  the  brain  In  a  way  we  have  to  study  more 
precisely.  Nevertheless  I  think  that  it  is  possible  to  build  a  model  which,  statistically,  is  consis¬ 
tent  with  the  true  pile".  This  model  should  not  be  a  representation  of  the  pilot,  but  could  be  a  tool 
to  prepare  new  criteria.  So  1  think  we  could  try  to  build  now  criteria  using  this  type  of  sophisticated 
pilot  model. 

On  the  other  hand,  l  think  it  would  be  good  to  take  Into  account  in  the  criteria  the  presentation 
of  the  flight  data  to  the  pilot.  It  is  evident  that  when,  for  instance  we  decrease  the  precision  of  the 
horizon,  we  make  some  modifications  in  the  behavior  of  the  pilot  and  it  will  change  the  pilot  rating, 
even  if  the  characteristics  of  the  aircraft  are  not  changed.  What  about  the  presentation  of  bank  angle, 
pitch  attitude  with  digital  presentation?  The  aerodynamic  characteristics  would  be  the  same,  but  the 
pilot  rating  would  not.  I  think  we  have  to  increase  our  research  on  that  point  of  view  and  try  to 
include  the  problem  of  data  presentation  in  the  criteria.  I  don't  know  how  to  do  it,  but  I  think  we 
have  to  look  at  that. 

Another  point,  I  think  the  longitudinal  criteria  are  not  very  good  for  heavy  aircraft.  It  seems 
that  all  existent  longitudinal  criteria  are  pretty  good  for  fighters,  but  our  studies  have  shown  Chat  for 
Concorde  or  Airbus  the  longitudinal  criteria  arc  very  wrong.  It  would  be  necessary  to  improve  this  type 
of  criteria,  to  take  into  account  maybe  not  the  weight,  but  the  shape  of  the  aircraft. 


T 


The  area  of  workload  needs  to  be  defined.  What  we  need  is  a  common  definition  for  workload. 

DISCUSSION  FROM  FLOOR 

Wunnenberg  t  Cornier,  Germany 

I  would  like  to  answer  some  of  the  questions  of  Mr.  McGregor.  He  said  that  it  was  difficult  to 
get  data  from  actual  VTOL  aircraft,  to  get  a  better  background  of  the  AGARD  report.  This  is  true  - 
it  was  very  difficult  to  get  this  data.  We  got  his  proposal  for  maneuvers  very  early  and  we  gave  this 
proposal  to  our  flight  test  people.  We  told  them  that  we  felt  it  was  a  good  way  to  test  handling  quali¬ 
ties.  But  they  said  it  was  Impossible  to  do  with  our  money.  They  said  with  our  money  we  could  do 
about  1/10  of  this  catalogue.  I  think  that  one  of  the  results  that  came  out  of  the  NASA-Dornler  Corp 
testing  of  DO-31  was  that  the  handling  qualities  of  the  hovering  flight  is  not  of  great  interest. 

These  handling  qualities  are  done  by  the  automatic  stabilization  system.  It  is,  of  course,  of  Interest 
for  future  work  that  you  have  to  know  the  combination  of  the  aircraft,  automatic  stabilization  and 
pilot.  The  problems  with  VTOL  were  the  transition  and  the  power  management  during  transition.  I  think 
the  most  important  point  in  this  field  is  to  reduce  the  pilot  workload.  The  workload  during  transition 
and  under  IFR  conditions.  We  did  a  very  few  flights  under  simulated  1FR  conditions  with  the  DO-31  and 
it  showed  that  there  is  a  big  field  of  future  research  to  Improve  the  control  devices  and  the  displays 
for  VTOL  aircraft. 

We  have  an  idea  of  what  future  VTOL  studies  should  be.  That  is  to  develop  a  new  guidance  and 
control  system  for  the  landing  phase  of  VTOL  aircraft;  to  prove  all-weather  capability  especially  for 
commercial  aircraft  and  show  how  VTOL  air  traffic  can  fit  into  conventional  air  traffic.  As  we  think 
that  one  of  the  advantages  of  VTOL  aircraft  is  the  enlarging  the  capability  of  existing  airfields  as 
this  tra/fic  „v.n  be  separate  from  conventional  aircraft. 

McGregor,  ia.O/NAE,  Canada 

The  catalogue  of  maneuvers  in  the  back  of  AGARD  577  was  meant  to  try  to  cover  everything  possible, 
sc  T  can  appreciate  your  flight  test  people  shying  away,  especially  In  a  Jet  lift  vehicle. 

K.H.  h.^iiach,  Germany 

Just  eve  additional  remark.  If  we  start  using  black  boxes,  we  do  it  In  the  proper  way.  The  DO-31 
was  not  developed  to  the  stage  it  should  be  developed.  For  instance,  to  make  the  transition  you  have 
to  separate  axes  again,  you  must  really  decouple  the  controls  for  the  pilot.  That  can  be  done  with 
black  boxes  but  they  must  be  reliable. 

R.F.  Siewert,  U.S.  Navy,  USA 

To  Mr.  Scott-Wilson  and  also  to  Prof.  Doetsch  on  this  business  of  8785  and  where  it  fits  into  the 
picture  and  flexible  requirements.  A  little  rundown  of  how  we  procure  aircraft  within  the  U.S.  Navy. 

We  start  with  8785  in  its  present  version  as  a  point  of  departure  and  what  we  do  is  when  we  decide  ro 
buy  a  new  attack  aircraft,  for  example,  is  start  with  8785  and  strike  out  all  the  things  that  are 
not  applicable  to  attack  aircraft.  Then  ve  decide  to  add  in  new  requirements,  based  on  the  latest 
criteria  or  data  we  have  available  or  based  on  our  recent  experience  with  our  own  aircraft.  This 
we  call  a  "type"  specification,  and  is  put  out  for  the  contractors  for  them  to  bid  against;  of  course, 
the  performance  requirements,  the  structural  requirements,  everything  is  put  in  here.  At  the  time  we 
select  an  airframe  manufacturer  to  build  the  airplane,  we  sit  down,  across  table,  and  argue  out  the 
requirements  and  we  finally  arrive  at  what  we  call  a  "detail"  specification  which  is  the  document  signed 
by  both  parties  and  is  the  thing  the  aircraft  is  designed  against.  It  is  not  8785  as  it  sits  on 
the  shelf.  So  we  do  have  the  flexibility  we  build  it  into  the  system.  The  remark  that  8785  (ASG), 
no  "B"  after  it,  1954  version  remained  in  its  present  state  for  so  many  years,  this  is  not  really 
true.  Because  Mr.  Brynes  S-3  airplane  was  essentially  procured  against  8785  ASG  and  the  flying  qualities 
requirements  he  has  to  meet  are  considerably  different  from  those  in  the  1954  document. 

To  follow-up  something  Mr.  Hamilton  said  that  while  safety  is  of  paramount  importance,  the  military 
aircraft  has  to  go  a  step  beyond.  Somehow  we  should  push  toward  translating  Harper's  pilot  opinion  ratings 
into  mission  performance,  mission  effectiveness,  combat  effectiveness,  whatever  the  term  has  to  be. 

We  have  to  get  a  performance  measure  to  translate  from  the  flying  qualities  to  the  pilot  opinion  to  the 
actual  performance  characteristics,  not  the  lift  drag  characteristics  but  the  ability  to  hit  the  tsrget. 


Scott-Wilson,  Hawker  Siddeley,  UK 

One  comment,  I  think  there  should  be  feedback  of  what  you  finally  agree  with  your  contract  into 
the  system  that  is  producing  the  book  (8785).  This  Is  what  is  continually  happening  in  the  civil  world. 
They  are  continuously  looking  their  requirements  and  they  get  their  experience  from  operator,  contractor 
feedback  into  the  requirements  as  a  living  process.  I  think  the  military  requirements  have  been  far 
too  much  a  case  of  we'll  start  with  the  book  then  we'll  diverge  away  to  where  we  want  to  go  to  and 
leave  it  at  that.  My  plea  was  acre  that  tha  military  requirements  could  be  much  more  valuable  if  it 
were  a  "living"  document,  that  had  the  feedback  into  it  from  all  of  the  people  who  are  using  it  as  a 
basis  and  that  some  mechanism  whereby  this  could  happen  would  improve  its  basic  status  considerably. 

Deque,  Aerospatiale,  France 

We  have  now  in  existence  an  assembly  of  criteria,  for  example,  8785  and  on  the  other  side  we  have 
aircraft  flying  every  day.  Would  it  not  be  possible  for  somebody  to  put  the  characteristics  of  these  air¬ 
craft  on  the  existing  criteria.  This  could  be  quite  helpful  to  the  designers. 


R.O.  Anderson,  AFFDL,  :JSA 

Regarding  your  question  on  comparing  aircraft  against  tha  specs,  yes  we  are  trying  to  do  that. 

The  Air  Force  has  sponsored  several  contracts  along  chat  line.  The  first  was  an  attempt  to  compare  the 
F-4  againot  MIL-F-87b5B,  that  report  is  out.  We  are  aJc-  looking  at  the  F-lll,  F-5,  and  T-38. 

Deque,  Aerospatiale,  France 

1  would  like  to  see  some  civil  aircraft  too 


D.P.  Davies,  ARB,  UK 

We  all  speak  from  nested  interests  so  j erhaps  you  will  forgive  my  next  consent.  This  is  addressed 
to  Prof.  Doetsch,  who  made  a  plea  to  keep  tbs  numbers  open.  Certification  authority  people  are  not 
rigid,  at  least  the  ones  I  know,  and  we  are  flexible.  But  in  the  field  of  handling  qualities  there 
comes  a  time  when  you  have  to  draw  a  line  aid  firm  up  on  the  numbers.  One  good  example  is  the  minimum 

stick  force  to  pull  "g"  °n  big  transport  airplanes.  Over  the  years,  and  I  am  in  favor  of  this  develop¬ 

ment,  very  large  airplanes  have  become  lighter  and  lighter  to  fly.  But  it  is  necessary  at  sometime 
to  do  something  about  the  airline  gorilla  who  is  quite  ignorant  in  the  we;  he  flys  his  airplane. 

How  when  you  are  in  a  horse  trading  agreement  on  today's  airplane  you  can  say  the  book  says  50  lb 
(50  lb  to  pull  "g”)  taking  into  account  the  actual  weight  of  the  airplane  in  the  flight  condition,  where 

the  stick  force  per  "g"  is  least.  Now  if  someone  offered  me  airplane  at  47  lbs  to  pull  "g",  X  couldn't 

argue,  because  what  is  3  lbs  in  50  lbs.  But  if  we  compromise  and  give  in  on  that,  then  the  next  con¬ 
tractor  comes  and  says  mine  is  only  42  lbs.  How  do  you  feel  about  that?  So  you  go  on  and  say  what's 
another  5  lbs  so  you  give  that  away.  If  you  go  on  like  this  you  are  guaranteeing  a  slow  degradation 
over  the  years.  If  you  don't  do  something  to  stop  it  you'll  get  an  airplane  where  a  3  lb  pull  force 
will  be  enough  to  take  the  wings  off,  -  now  that's  absurd.  There  will  come  a  time  when  you’ll  have  to 
draw  a  line  and  stick  to  it. 


Prof.  Doetsch,  Germany 

I  would  agree  with  you  on  one  point,  that  those  requirements  that  are  really  necessary  for 
safety,  should  not  be  negotiated. 

Bernotat,  Germany 

I  agree  fully  with  Mr.  Scott-Wilson,  Prof.  Gerlach  and  Mr.  Wanner  that  pilot  workload  measure¬ 
ments  is  a  very  important  area.  But  I  have  learned  that  there  is  a  lot  of  research  work  going  on 
outside  of  the  aeronautical  field.  There  is  a  Dutch  scientist  who  has  been  working  on  this  for  ten 
years  now  and  is  only  concerned  with  this  topic.  There  is  no  success  up  to  now.  So  we  shouldn't 
believe  that  making  up  s  working  group  of  aviation  medicine,  guidance  and  control,  and  our  panel  would 
help  us  in  a  very  short  time  to  get  useful  results. 

Gerlach,  Netherlands 

I  suggest  thac  we  don't  go  straight  away  and  form  another  working  group,  probably  wouldn't 
help  very  much.  What  I'm  proposing  is  that  we  take  stock  of  what  is  going  ou  elsewhere.  We  need  to 
have  the  information  and  within  AGARD  we  just  haven't  got  it.  This  is  a  situation  which  need  not  exist 
and  what  I  would  like  to  see  is  some  means  of  collecting  the  information  and  how  we  go  on,  or  whether 
we  give  the  problem  to  other  people.  I’m  not  sure  that  others  will  deal  with  the  workload  problem  in 
the  way  we  would  need  it. 

Scott-Wilson,  Hawker  Siddeley,  UK 

Thank  you  gentlemen.  As  you  recall  at  the  start  of  the  meeting  I  said  you  are  all  specialists 
and  let's  talk.  Well  you  certainly  did  that  and  I  thank  you  very  much  indeed  for  that.  I  would  also 
like  to  particularly  thank  those  of  you  that  prepared  papers  and  those  people  who  prepared  lead  discussions, 
and  all  of  those  who  were  session  chairmen  and  the  interpreters. 
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